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Abstract 
 
The medial septum (MS) is the main source of acetylcholine to the hippocampus, 
a structure involved in memory and Alzheimer’s disease (AD). Learning and memory 
involve long-term changes in synaptic strengths, and are suggested to be facilitated by a 
brain wave, theta rhythm in the hippocampus. Since medial septal neurons influence 
hippocampal neural activity, lesion of two neuronal populations in the MS, cholinergic 
and GABAergic, was performed by intraseptal infusion of 192 IgG-saporin and orexin-
saporin, respectively. I hypothesized that 1) activation of cholinergic cells by vestibular 
stimulation induces an atropine-sensitive theta rhythm, modulates synaptic transmission 
and enhances long-term potentiation (LTP), a model of synaptic plasticity, in the 
hippocampus and 2) GABAergic neurons regulate granule cell activity by inhibiting 
interneurons in the dentate gyrus (DG). 
Vestibular stimulation by passive whole-body rotation induced an atropine-
sensitive theta rhythm that was not present in awake immobility. Following systemic 
cholinergic blockade, septal 192 IgG-saporin or bilateral vestibular lesion, rotation-
induced theta and rotation-induced modulation of evoked potential were attenuated. LTP 
was enhanced when tetanus was delivered during rotation as compared to during 
immobility. Systemic cholinergic blockade or 192 IgG-saporin lesion abolished LTP 
enhancement by rotation.  
I provided the first report investigating the role of septal GABAergic neurons on 
dentate neuronal unit activity in vivo. In urethane-anesthetized sham-lesion rats, pontis 
nucleus oralis (PNO) stimulation induced a theta rhythm, increased spontaneous granule 
 iv 
cell activity, facilitated DG population spike and increased paired-pulse depression (PPD) 
of population spikes. In freely moving rats, PPD was larger during walking as compared 
to during immobility. Orexin-saporin lesion attenuated theta, and blocked PNO-induced 
population spike facilitation and PPD in anesthetized rats. Spontaneous granule cell 
activity decreased while spontaneous interneuronal activity increased in orexin-saporin 
lesion rats as compared to sham-lesion rats. It is inferred that tonic interneuronal 
inhibition is increased and granule cells are less likely to be activated in orexin-saporin 
lesion rats, as compared to sham-lesion rats.  
Therefore, vestibular stimulation provides a physiological method to activate 
septal cholinergic neurons, consistent with improvement of cognition in humans. 
Vestibular stimulation may ameliorate cholinergic dysfunction deficits and targeting 
septal GABAergic neurons may improve behavioral functions in AD. 
  
KEYWORDS: medial septum, hippocampus, theta rhythm, population spike, single unit, 
vestibular system, acetylcholine, GABA, immunotoxin, sensorimotor processing, 
Alzheimer’s disease. 
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Chapter 1 
General Introduction and 
Thesis Overview 
 
Acetylcholine acts as an excitatory neurotransmitter at the neuromuscular 
junctions of the peripheral nervous system. In the central nervous system, acetylcholine 
released from cholinergic neurons in the basal forebrain and brainstem mediates a variety 
of effects via nicotinic and muscarinic receptors. The cholinergic basal forebrain consists 
of the nucleus basalis magnocellularis (nucleus basalis of Meynert in humans) and the 
medial septum. The nucleus basalis projects mainly to the neocortex while the medial 
septum projects mostly to the hippocampus and entorhinal cortex (Mesulam et al., 1983; 
McKinney et al., 1983; Saper, 1984). The medial septum in the septal region is the major 
source of acetylcholine for the hippocampus (Mesulam et al., 1983; Nyakas et al., 1987). 
Besides cholinergic neurons, GABAergic and glutamatergic neurons in the medial 
septum also project to the hippocampus (Amaral and Kurz, 1985; Freund and Antal, 
1988; Kiss et al., 1990; Sotty et al., 2003; Colom et al., 2005). In a mature mammalian 
nervous system, GABA and glutamate serve as the main inhibitory and excitatory 
neurotransmitters, respectively. An important function of the septohippocampal system 
lies in generating a hippocampal theta rhythm which is of importance in sensorimotor 
integration, spatial navigation, and learning and memory (O’Keefe and Reece, 1993; 
Bland and Oddie, 2001; Hasselmo et al., 2002). 
2 
 
Since this thesis focuses on the septohippocampal cholinergic and GABAergic 
projections, it will begin by describing acetylcholine and GABA receptors in the 
hippocampus, and the anatomical pathways between the septal region and the 
hippocampus. Next, I will describe the hippocampal theta rhythm and discuss the 
pacemaker role of medial septum. I will proceed to discuss the functional significance of 
theta rhythm and describe the physiological properties of hippocampal principal neurons 
and interneurons. Lastly, I will conclude with a description of the vestibular system and 
its role in spatial memory. The term “freely moving animal” and “behaving animal” will 
be used interchangeably throughout this thesis. 
 
1.1 Acetylcholine and GABA receptors 
Acetylcholine receptors are divided into muscarinic and nicotinic receptors. There 
are five subtypes of muscarinic receptors (M1-M5) coupled to G-proteins, mediating 
slow synaptic transmission. M1, M3 and M5 receptors are coupled to phospholipase C 
through Gq, resulting in an increase in intracellular calcium (Ca2+), whereas M2 and M4 
receptors are negatively coupled to adenylate cyclase via inhibitory Gi, leading to an 
reduction in cyclic adenosine monophosphate (cAMP) levels (Lanzafame et al., 2003). In 
the hippocampus, M1, M3 and M5 receptors are mainly expressed postsynaptically on 
glutamatergic principal neurons. M2 and M4 receptors are present postsynaptically on 
principal neurons and GABAergic interneurons, and presynaptically on cholinergic 
(autoreceptors) and non-cholinergic (heteroreceptors) terminals (Volpicelli and Levey, 
2004). Nicotinic receptors are ligand-gated ion channels permeable to sodium (Na+), Ca2+ 
and potassium (K+) ions, and are responsible for rapid excitatory action on pre- and 
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postsynaptic sites. They are made up of a pentameric combination of α (α2-α10) and β 
(β2-β4) subunits with α7 subtype being the most common in the hippocampus (Fabian-
Fine et al., 2001; Nai et al., 2003). 
There are three classes of GABA receptors: GABAA, GABAB and GABAC 
receptors. GABAA receptors are ligand-gated ion channels permeable to chloride (Cl-) 
and bicarbonate (HCO3-) ions. Like nicotinic receptors, GABAA receptors are pentamers 
formed by different combinations of α (α1-α6), β (β1-β4), γ (γ1 to γ3), δ, ε, θ, π and ρ 
(ρ1-ρ3) subunits. In adult neurons, GABAA receptors mediate fast inhibitory postsynaptic 
potentials (IPSPs) (Benarroch, 2007). In the hippocampus, GABAA receptors contain two 
α subunits, two β subunits and either a γ or a δ subunit but not both (Henschel et al., 
2008). In contrast, GABAB receptors are heterodimers made up of GABAB1 and GABAB2 
subunits coupled to Gi protein. They mediate slower and longer-lasting synaptic 
responses on pre- and postsynaptic membranes, by decreasing adenylyl cyclase activity, 
activating postsynaptic K+ channels and inhibiting presynaptic voltage-gated Ca2+ 
channels (Couve et al., 2000). GABAC receptors are ionotropic receptors and made up of 
ρ subunits, however, they are not known to play a major role in the hippocampus. 
 
1.2 Septal region 
The septal region is divided into four groups based on their anatomical location: 
the lateral group, the medial septal group, the posterior group and the ventral group 
(Risold, 2004). The focus of this thesis is on the medial septal group (MS-DB) which 
consists of the dorsally-located medial septal nucleus (MS) and the ventrally-situated 
nucleus of the diagonal band of Broca (DB). The DB is further subdivided into a (dorsal) 
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vertical limb (VDB) and a (ventral) horizontal limb of Broca (HDB).  Throughout this 
thesis, medial septum and MS-DB will be used interchangeably. 
 
1.2.1 Septohippocampal pathway 
The MS-DB, a major subcortical input to the hippocampus, projects via four 
pathways: the fimbria, dorsal fornix, supracallosal stria and by a ventral route through 
and around the amygdala (Meibach and Siegel, 1977; Milner and Amaral, 1984; Nyakas 
et al., 1987; Gaykema et al., 1990; Dutar et al., 1995). Septal fibers terminate in all fields 
of the hippocampus formation, particularly in the dentate gyrus (DG). In the DG, septal 
fibers terminate heavily in the hilus (or polymorphic layer) and more lightly in the 
molecular layer (Gaykema et al., 1990). Although CA1 receives lighter septal innervation 
than CA3, septal projections terminate more densely in the stratum oriens and to a lesser 
extent in the stratum radiatum in both fields (Nyakas et al., 1987). 
  The MS nucleus projections show a clear mediolateral topographic arrangement. 
Cells located medially in the MS nucleus project preferentially to septal (dorsal) 
hippocampus and lateral entorhinal cortex whereas cells located laterally in this nucleus 
innervate the temporal (ventral) hippocampus and medial entorhinal cortex (Gaykema et 
al., 1990). The DB projects to the hippocampus and entorhinal cortex. The dorsal 
hippocampus and lateral entorhinal cortex receives afferent input mostly from the caudal 
VDB and medial HDB. The lateral HDB projects predominately to the olfactory nuclei 
and the entorhinal cortex. The rostromedial portion of the VDB and from the MS projects 
throughout the entire hippocampus (Gaykema et al., 1990).  
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Immunohistochemical studies showed that septal fibers which terminate in the 
hippocampus are cholinergic, GABAergic or glutamatergic (Lynch et al., 1977; Kohler et 
al., 1984; Amaral and Kurz, 1985; Freund and Antal, 1988; Kiss et al., 1990; Manns et 
al., 2003; Sotty et al, 2003; Colom et al., 2005). Cholinergic cells containing choline 
acetyltransferase (ChAT) are concentrated at the rostral and caudal ends of the MS-DB, 
whereas middle portion of the MS-DB contains the highest density of GABAergic cells 
that contain glutamic acid decarboxylase (GAD) and parvalbumin (Parv). On the 
contrary, glutamatergic cells are equally distributed throughout the rostrocaudal axis 
(Colom et al., 2005). In addition, cholinergic cells are mostly located lateral to the 
midline while Parv-containing GABAergic cells are concentrated along the midline (Kiss 
et al., 1990; Pang et al., 2001). Glutamatergic cells are evenly distributed within the MS-
DB (Huh et al., 2010) with more abundance in the VDB and HDB than in the MS (Colom 
et al., 2005). Axons of cholinergic septal neurons impinge on to both principal cells and 
GABAergic interneurons of the hippocampus (Leranth and Frotscher, 1987) while 
GABAergic septal neurons preferentially project to the GABAergic hippocampal 
interneurons (Freund and Antal, 1988). Glutamatergic septal cells have been shown to 
project to hippocampal principal cells (Huh et al., 2010; Fig. 1.1). 
 
1.2.2 Hippocamposeptal pathway 
The lateral group of the septal region consists of the lateral septal (LS), 
septofimbrial and septohippocampal nuclei. The hippocampus sends major descending 
inputs to the LS. These projections are glutamatergic (Joels and Urban, 1984) and are 
topographically organized such that septo-temporal axis of the hippocampal formation 
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maps onto the dorso-ventral axis of the LS. Specifically, septal portions of the 
hippocampus project dorsally in the LS and progressively more temporal portions of the 
hippocampus project more ventrally (Swanson and Cowan, 1977, 1979; Risold and 
Swanson, 1997). 
Apart from hippocampal projections to LS, hippocampal neurons give rise to 
weaker projections to MS-DB. Hippocampal neurons projecting to the MS-DB are 
exclusively non-principal cells while those sending axons to the LS appear to be mostly 
principal neurons (Alonso and Kohler, 1982; Fig. 1.1). Projections from septal and 
temporal portions of the hippocampus are arranged such that septal axons terminate in 
dorsal and medial areas of the MS and the anterior and dorsal parts of the VDB. 
Temporal hippocampal afferents innervate the ventral and lateral parts of the MS and the 
caudal and ventral parts of the VDB (Gaykema et al., 1991). 
 
1.3 Hippocampal theta rhythm 
In the hippocampus of a rat, several types of extracellular field potentials can be 
detected in electroencephalogram (EEG) which reflects the activity of local neural 
networks. These field potentials include large irregular activity (LIA), slow oscillation 
(≤1 Hz), theta and gamma rhythms (Buzsaki et al., 1983; Buzsaki, 1986; Lopes da Silva 
et al., 1990; Wolansky et al., 2006; Colgin and Moser, 2010). Theta and gamma rhythms, 
LIA and slow oscillation can co-occur whereas theta (and gamma) rhythm and LIA (and 
slow oscillation) are mutually exclusive. When recorded using depth electrodes, theta 
rhythm appears as rhythmic (nearly sinusoidal) extracellular oscillations with amplitude 
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Fig. 1.1 A diagrammatic representation of the connections between the MS-DB and 
hippocampus. Septal cholinergic neurons (ACh) send projections to the principal neurons 
(P) and GABAergic interneurons in the hippocampus whereas septal GABAergic neurons 
innervate hippocampal GABAergic interneurons. Septal glutamatergic neurons (Glut) 
impinge on to hippocampal principal neurons. The hippocampus sends projections to the 
lateral septum (LS) and MS-DB. Hippocampal interneurons terminate on septal ACh and 
GABAergic neurons whereas principal cells project to the LS. (Modified from Huh et al., 
2010). 
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of around 1 mV (Vanderwolf, 1988; Bland, 1986; Buzsaki, 2002). Hippocampal theta 
frequency ranges from 3-6 Hz in anesthetized rats and 4-10 Hz in behaving animals 
(Bland, 1986; Buzsaki, 2002). In humans, hippocampal theta frequency ranges from 3-8 
Hz (Ekstrom et al., 2005; Watrous et al., 2011; Lega et al., 2011). 
Hippocampal gamma rhythm has two distinct frequency bands, a slow (~25-50 
Hz) and a fast (~65-150 Hz). The amplitude of a gamma rhythm is largest when they are 
nested within a theta rhythm (Leung et al., 1982; Buzsaki et al., 1983; Bragin et al., 
1995). Within a theta cycle, gamma rhythm bursts at specific times (Soltesz and 
Deschenes, 1993; Colgin et al., 2009). In CA1, slow gamma oscillations are generated by 
CA3 and are most apparent during the descending part of a theta cycle whereas fast 
gamma oscillations, entrained by medial entorhinal cortex, are maximal close to a theta 
trough (Bragin et al., 1995; Csicsvari et al., 2003; Colgin et al., 2009). 
Vanderwolf (1969) was the first to discover the correlation between hippocampal 
EEG and moment-to-moment behavior in behaving rats. Theta rhythm is observed in 
conjunction with rapid eye movement (REM) sleep and voluntary movement (e.g. 
walking and postural shifts) (Vanderwolf, 1969; Whishaw and Vanderwolf, 1973; Kramis 
et al., 1975; Sainsbury et al., 1987; Vanderwolf, 1988; Oddie and Bland, 1998). In 
anesthetized rats, theta can occur spontaneously or in response to sensory stimuli (e.g. tail 
pinch or fur stroking) or during electrical stimulation of the brainstem (Bland, 1986; 
Herreras et. al., 1988a, 1988b; Vertes and Kocsis, 1997; Khanna, 1997; Jiang and 
Khanna, 2004; Leung and Peloquin, 2010). Slow oscillation is observed during non-REM 
sleep and anesthesia (Wolansky et al., 2006; Dickson, 2010; Sharma et al., 2010). LIA, 
but generally not theta rhythm, is observed during non-REM sleep, awake immobility and 
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automatic movements such as eating, drinking and grooming in the absence of postural 
shifts (Vanderwolf, 1969; Bland, 1986). 
Pharmacological studies indicate that there are two types of theta activity in the 
hippocampus, namely atropine-sensitive theta and atropine-resistant theta (atropine is a 
muscarinic cholinergic receptor antagonist) (Kramis et al., 1975; Leung, 1984; Buzsaki et 
al., 1986; Lawson and Bland, 1993; Leung, 1998; Bland and Oddie, 2001). Atropine-
sensitive theta can be induced by an anticholinesterase physostigmine and abolished by 
anticholinergics (e.g. atropine sulfate and scopolamine). In the behaving rat, theta that 
remains following administration of atropine is atropine-resistant and appears during 
voluntary movement (Kramis et al., 1975; Lawson and Bland, 1993). Atropine-sensitive 
theta can be observed during awake immobility, for example just prior to a jump 
avoidance response (Vanderwolf, 1969) and during vestibular stimulation (Chapter 2, Tai 
et al., 2011). In addition, atropine-sensitive theta is generally of a lower frequency (4-7 
Hz) as compared to atropine-resistant theta (7-10 Hz) (Vanderwolf, 1975; Bland and 
Oddie, 2001). Hence, atropine-sensitive theta is also referred to as immobility-related 
theta and atropine-resistant theta as movement-related theta (Vanderwolf, 1975; Bland, 
1986; Bland and Oddie, 2001). In anesthetized rats, atropine eliminated spontaneous 
theta, but not theta elicited by high intensity electrical stimulation of the brainstem 
(Kocsis and Li, 2004; Li et al., 2007).  
 
1.4 Medial septum as the pacemaker of theta rhythm 
It is well documented that rhythmically bursting cells of the medial septum fire in 
synchrony with hippocampal theta (Brazhnik and Vinogradova, 1986; Dutar et al., 1986; 
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Alonso et al., 1987; Stewart and Fox, 1989; Brazhnik and Fox, 1997). When the 
hippocampus was removed, septal neurons continued firing at a theta frequency (Petsche 
et al., 1962). Electrolytic lesion of the medial septum permanently abolished theta (Green 
and Arduini, 1954; Leung, 1987) and septal infusion of a local anesthetic tetracaine 
temporarily disrupted theta (Mizumori et al., 1989). Therefore, the MS-DB has been 
regarded as the pacemaker of the hippocampal theta rhythm.  
Cholinergic and non-cholinergic (GABAergic and glutamatergic) septal cells 
were demonstrated to be rhythmically bursting cells projecting to the hippocampus 
(Stewart and Fox, 1989; Borhegyi et al., 2004; Simon et al., 2006; Huh et al., 2010), and 
are likely involved in the generation of atropine-sensitive and atropine-resistant theta, 
respectively. For example, in behaving rabbits, large numbers of septal cells continued to 
fire rhythmically despite the abolishment of theta with intravenous injections of atropine 
(Brazhnik and Vinogradova, 1986). In urethane-anesthetized rats, a “residual theta 
rhythm” of reduced amplitude was observed in both CA1 and DG upon electrical 
stimulation of septal cells following systemic injections of high doses (100 mg/kg i.p.) of 
atropine (Stewart and Fox, 1989). In behaving rats, intraseptal injections of 192 IgG-
saporin (immunotoxin targeting cholinergic neurons) reduced hippocampal running-
induced theta peak power in a dose-dependent manner, but no change in theta peak 
frequency was observed (Lee et al., 1994). Furthermore, the power of theta, but not its 
frequency, elicited upon direct activation of the medial septum via intraseptal cholinergic 
agonist carbachol or by indirect activation upon brainstem stimulation was attenuated in 
192 IgG-saporin lesioned rats under urethane (Zheng and Khanna, 2001). In addition, 
amplitude of walking-induced theta was attenuated in rats infused with kainic acid 
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(preferentially destroys GABAergic cells) or 192 IgG-saporin in the medial septum. 
Theta was abolished in rats infused with both kainic acid and 192 IgG-saporin (Yoder 
and Pang, 2005). In a slice preparation with a half-septum attached to its ipsilateral 
hippocampus, atropine applied to the hippocampus attenuated the amplitude of theta 
induced by intraseptal carbachol, but not its frequency (Goutagny et al., 2008). Studies 
have showed that GABAergic neurons burst at the trough or peak of theta, phasing theta 
(Borhegyi et al., 2004; Simon et al., 2006). Glutamatergic neurons were recently 
demonstrated to burst in relation to theta (Huh et al., 2010). 
 
1.4.1 Septal models of theta generation 
Prior to the discovery of septohippocampal glutamatergic cells (Manns et al., 
2003; Sotty et al, 2003), a model was proposed by Vertes and Kocsis (1997) suggested 
that the cholinergic and GABAergic septal cells fire in synchrony such that their 
coordinated burst discharge (burst mode) or pauses (inter-burst mode) drives the 
negative-going and positive-going phase of extracellular theta, respectively. In addition to 
the differential projections of the rhythmically bursting cholinergic and GABAergic 
septal neurons to hippocampal cells, the model was also based on evidence that 
cholinergic septal cells presynaptically inhibit hippocampal interneurons (Ben-Ari et al., 
1981; Krnjevic et al., 1981; Behrends and ten Bruggencate, 1993; Fig. 1.1). During burst 
mode, cholinergic septal cells excite principal cells directly and inhibit hippocampal 
interneurons presynaptically while GABAergic septal cells inhibit hippocampal 
interneurons. Such coordinated action of these septal cells (cholinergic excitation coupled 
with GABAergic disinhibition) leads to firing of principal cells and drives the positive-
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going phase of intracellular theta (negative-going phase of extracellular theta). During 
inter-burst mode, loss of excitatory input from cholinergic septal cells and inhibitory 
action on interneurons by GABAergic septal cells leads to inhibition of principal cells by 
interneurons, giving rise to the negative-going phase of intracellular theta (positive-going 
phase of extracellular theta).  
Although the precise role of septal glutamatergic cells in theta rhythm generation 
is currently unclear, it has been suggested that these cells work together with septal 
cholinergic cells to provide a rhythmic excitatory drive to start theta oscillations in the 
medial septum and subsequently in the hippocampus (Colom, 2006; Huh et al., 2010). 
According to the model proposed by Colom (2006), activation of the septal cholinergic 
cells excites septal glutamatergic cells, which in turn recruits more excitatory septal cells, 
increasing the level of excitation within the medial septum. When this level reaches a 
threshold, the septo-hippocampal network will begin to oscillate at theta frequencies. 
Excitatory input from the medial septum depolarizes hippocampal principal cells. This 
depolarized state is regulated by hippocampal GABAergic interneurons, which maintain 
a hippocampal theta rhythm. 
 
1.4.2 Intrinsic theta oscillators in the hippocampus  
The septal pacemaker hypothesis has been challenged by reports demonstrating 
that the intrinsic circuitry within the hippocampus is capable of generating a self-
sustaining form of theta without the need for afferent inputs. For instance, extracellular 
recordings of transverse hippocampal slices showed that theta, albeit induced by 
carbachol, can occur in the absence of inputs from external structures and is atropine-
14 
 
sensitive (Konopacki et al., 1987). An atropine-resistant theta rhythm of 6-10 Hz in the 
hippocampal slices was observed following administration of a metabotropic 
glutamatergic receptor agonist (S)-3,5-dihydroxyphenylglycine (DHPG) (Gillies et al., 
2002). Recently, Goutagny and colleagues (2009) provided data showing that the 
hippocampus can spontaneously generate a theta rhythm in a whole-hippocampus 
preparation in vitro, without application of drugs or stimulation on the medial septum; 
this in vitro rhythm shows properties (e.g. depth profile, atropine-resistance) similar to an 
in vivo preparation. In addition, the fact that when in vitro theta was recorded at two 
locations in CA1 (dorsal and ventral) and local anesthetic procaine applied to the region 
between, theta at the dorsal site was faster by ~1 Hz than the ventral location, suggested 
the presence of multiple independent theta oscillators. Judging from the evidence 
presented, it may seem that the medial septum is not critical for hippocampal theta 
generation. Nonetheless, the medial septum may synchronize the different hippocampal 
oscillators along the septotemporal axis (Colgin and Moser, 2009).  
Furthermore, hippocampal pyramidal neurons possess intrinsic properties that 
give rise to theta frequency oscillations and resonance. Early evidence came from 
intracellular recordings of transverse hippocampal slices which demonstrated the 
presence of intrinsic theta-frequency membrane potential oscillations (MPOs) following 
application of carbachol (Bland et al., 1988). Subsequently, a series of intracellular 
experiments showed that slow voltage-dependent persistent inward Na+ current INaP 
(sensitive to tetrodotoxin TTX and QX-314) and slowly inactivating outward K+ current 
Im (sensitive to XE991) are required for MPOs and somatic resonance at theta-frequency 
(Leung and Yim, 1991; Crill, 1996; Hu et al., 2002, 2007). Blocking INaP by application 
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of QX-314 abolished MPOs (Leung and Yim, 1991), and administration of TTX or 
XE991 suppressed theta-frequency resonance (Hu et al., 2002). Since these currents 
activate at subthreshold membrane potentials (> -65 mV), only a small depolarization in 
hippocampal pyramidal cells is sufficient to activate an intrinsic theta-frequency 
oscillation or resonance (Leung and Yim, 1991; Hu et al., 2002, 2007). However, having 
the ability to produce MPOs and theta-frequency resonance does not necessarily exclude 
the purpose of an external oscillator. These small low-threshold currents may act as 
frequency selectors to promote a theta rhythm at their preferred frequencies when it 
matches that of an external oscillator (Hutcheon and Yarom, 2000; Hu et al., 2002). 
Moreover, it was suggested that rhythmic firing of septohippocampal GABAergic 
neurons may modulate hippocampal theta-frequency resonance via rhythmic disinhibition 
of pyramidal cells at the soma region where a high density of M-type K+ channels are 
concentrated (Hu et al., 2009). 
 
1.5 Functional significance of hippocampal theta rhythm  
Electrophysiological recordings indicate that hippocampal theta activity reflects 
rhythmic oscillations of neurons in information processing. Cell excitation can be 
observed in correlation with theta and such excitation is theta-rhythmic with peak of cell 
firing occurring in a temporal relationship to the theta peak (Buzsaki et. al., 1983; Bland, 
1986; Buzsaki, 2002; Bland et. al., 2002). In addition, the presence of cellular activity 
phase-locked to theta in subcortical structures which are involved in hippocampal theta 
generation (e.g. posterior hypothalamus and brainstem reticular formation) or part of the 
limbic (e.g. cingulate cortex and amygdala) or sensory system (e.g. superior and inferior 
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colliculi) (Leung and Borst, 1987; Kirk and McNaughton, 1991; Nunez et al., 1991; 
Bland et al., 1995; Pedemonte et al., 1996; Kocsis and Vertes, 1997; Natsume et al., 
1999; Seidenbecher et al., 2003), represent a widespread function of theta such as the 
synchronization of neurons across sensory, motor and emotional/motivational centers. 
Hippocampal theta rhythm has been implicated in sensorimotor integration (Bland and 
Oddie, 2001), synaptic plasticity (Buzsaki, 2002) and spatial processing (O’Keefe and 
Reece, 1993). 
 
1.5.1 Sensorimotor integration  
Hippocampal theta activation has been linked to sensorimotor integration (Bland, 
1986). Bland and Oddie (2001) proposed a sensorimotor integration model of 
hippocampal function which is based on the assumption that neural circuitry underlying 
theta is capable of providing voluntary motor systems with continually updated feedback 
on their performance relative to changing environmental (sensory) conditions. More 
specifically, there are two separate inputs to the hippocampus, each responsible for 
generating atropine-sensitive and atropine-resistant theta. Both inputs are active during 
voluntary movement. In the absence of movement, atropine-sensitive theta occurs alone. 
The presence of an atropine-sensitive theta indicates that sensory processing is occurring 
in the hippocampus, whereas atropine-resistant theta serves as the electrical signal of 
movement-related hippocampal activity (Vanderwolf, 1969).  
In this model, ascending brainstem hippocampal synchronizing pathway 
originates from the pontis nucleus oralis (PNO) and pedunculopontine tegmental nucleus, 
(PPT) (Vertes et al., 1993, 2004; Takano and Hanada, 2009). Atropine-sensitive 
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“sensory” input ascend from the PNO and PPT to the midline diencephalic region 
(posterior hypothalamic and the supramammillary nuclei) then to the medial septum and 
finally to the hippocampus. If voluntary movement does not occur, only atropine-
sensitive input is relayed to motor structures. On the other hand, when voluntary 
movement is initiated by the motor regions, both atropine-sensitive and atropine-resistant 
inputs are sent to the midline diencephalic region and loops back to the hippocampus via 
the medial septum (Fig. 1.2). Thus, activation of the ascending brainstem hippocampal 
synchronizing pathway provides sensory information required for the initiation of 
voluntary movement from motor regions which send inputs back, signaling that these 
movements have been initiated. As movement continues, the combination of atropine-
sensitive “sensory” input from the ascending brainstem synchronizing pathways and 
atropine-resistant “movement-related” input from motor structures are feedback to the 
hippocampus, allowing the hippocampus to integrate sensory and motor information 
necessary for the maintenance of voluntary motor behavior. In this context, atropine-
sensitive theta may prepare motor systems for movement or signal the intensity of an 
upcoming movement or arrange a change of an ongoing movement. In contrast, atropine-
resistant theta may indicate the level of activation of motor systems engaged in voluntary 
behaviors (Bland and Oddie, 2001). 
Based on this model, indices of theta (e.g. amplitude, frequency) should increase 
with speed of movement such that more rapid or intense the movement will require faster 
sensorimotor transformations. This has been observed in rats (Vanderwolf, 1969; 
McFarland et al., 1975; Bland et al., 2006), guinea pigs (Rivas et al., 1996), cats 
(Whishaw and Vanderwolf, 1973), dogs (Arnolds et al., 1979) and humans (Ekstrom et 
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al., 2005; Watrous et al., 2011; Hinman et al., 2011). Inactivation by a local anesthetic 
procaine in rats (Hallworth and Bland, 2004) or electrical lesion of the medial septum in 
rabbits (Green and Arduini, 1954) and cats (Sabatino et al., 1985) abolished theta. Also in 
agreement with this model, the red nucleus in the brainstem and nuclei in the basal 
ganglia, which are traditionally associated with motor functions (DeLong, 2000; Kuchler 
et al., 2002; Muir and Whishaw, 2000), are functionally connected with the neural 
circuitry involved in the theta generation. For example, in urethane-anesthetized rats, 
electrical stimulation of the red nucleus led to the transition from LIA to theta in the 
hippocampus. Moreover, amplitude and frequency of theta was correlated positively with 
stimulation intensity (Dypvik and Bland, 2004). In addition, electrical stimulation of 
nuclei in the basal ganglia induced a hippocampal theta rhythm in anesthetized animals 
(Sabatino et al., 1985, 1986; Hallworth and Bland, 2004). Overall, these findings suggest 
that these motor-related structures may interact with the hippocampus via the ascending 
brainstem synchronizing pathways. 
 
1.5.2 Synaptic plasticity  
Synaptic plasticity describes the change in strength across the synapse. Long-term 
potentiation (LTP) and depression (LTD) are two forms of long-lasting synaptic plasticity 
that can persist for hours. LTP, prolonged enhancement of synaptic transmission arising 
from temporal coincidence of postsynaptic firing with presynaptic input, is a postulated 
neural mechanism of learning and memory, especially in the hippocampus (Bliss and 
Collingridge, 1993). In contrast, LTD is the long-lasting depression of synaptic 
transmission. Besides the hippocampus, studies have shown that LTP can occur in other 
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Fig. 1.2 A diagrammatic representation of the sensorimotor integration model which 
involves two types of inputs to the hippocampus, namely atropine-sensitive (A-S) and 
atropine-resistant (A-R) inputs. A-S inputs, originating from the pontis nucleus oralis and 
pedunculopontine tegmental nucleus, carry sensory information for the initiation of 
voluntary movement to the motor regions. Once voluntary movement is initiated, both A-
S sensory and A-R movement inputs are relayed back via the medial septum to 
hippocampus where sensory and motor information required for the maintenance of 
voluntary motor behavior are integrated. (Modified from Bland and Oddie, 2001).
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structures, such as cerebellum and amygdala (Teyler and Fountain, 1987; Clugnet and 
LeDoux, 1990). 
Theta oscillations modulate hippocampal synaptic plasticity such that the timing 
of stimulation with respect to the phase of theta determines the direction of synaptic 
change. For instance, a single pulse (0.1 Hz) or burst (100 Hz) given at the peak of 
carbachol-induced theta in hippocampal CA1 slices resulted in LTP, but when given at 
the trough of theta induced LTD (Huerta and Lisman, 1995, 1996). Likewise, in the 
behaving rat, LTP was recorded in stratum radiatum of CA1, following tetanic burst 
stimulation delivered on the peak of running-induced theta (Hyman et al., 2003). This is 
consistent with previous studies in CA1 of anesthetized rats (Holscher et al, 1997), and in 
DG of anesthetized (Pavlides et al., 1988) and behaving rats (Orr et al., 2001). 
Meanwhile, simulation at the trough of theta in behaving rats depotentiates previously 
potentiated synapses in anesthetized rats (Holscher et al., 1997) and induced LTD in 
behaving rats (Hyman et al., 2003). Based on these findings, a model was constructed, 
associating the peak and trough of local theta with memory encoding and retrieval, 
respectively (Hasselmo et al., 2002). Since tetanic burst stimulation resembles complex 
spike bursting of hippocampal principal cells, it was suggested that hippocampal synaptic 
plasticity can be modulated by theta rhythm during behaviors associated with learning 
and contribute to memory formation. In humans, theta oscillations in the hippocampus 
were also implicated in memory function (Cornwell et al., 2008; Lega et al., 2011).  
The medial septum has been shown to modulate synaptic plasticity in the 
hippocampus. For example, lesion of the medial septum led to a faster decay of LTP 
(Rashidy-Pour et al., 1996) and septal stimulation prolonged LTP (Frey et al., 2003). Due 
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to its implications on Alzheimer’s disease in which degeneration of basal forebrain 
cholinergic neurons is a pathological characteristic (Bartus et al., 1982; Francis et al., 
1999; Wu et al., 2005; Wenk, 2006), research has been centered on septohippocampal 
cholinergic projections. Although acetylcholine can act on a variety on muscarinic and 
nicotinic cholinergic receptors, attention has been largely focused on muscarinic 
receptors. Application of carbachol to hippocampal slices facilitated LTP (Blitzer et al., 
1990; Auerbach and Segal, 1996; Shimoshige et al., 1997). Hippocampal LTP facilitated 
by tetanic stimulation of the medial septum was blocked by systemic administration of 
muscarinic cholinergic antagonists in anesthetized rats (Markevich et al., 1997; Ovsepian 
et al., 2004). In behaving rats, higher level of acetylcholine is released during walking 
than immobility (Dudar et al., 1979). Hippocampal LTP was facilitated when induced 
during walking, as opposed to when induced in the absence of theta (i.e. immobility). In 
addition, systemic scopolamine or 192 IgG-saporin septal lesion or specific M1 receptor 
antagonist pirenzepine attenuated LTP induced during walking without affecting LTP 
induced during immobility (Leung et al., 2003; Doralp and Leung, 2008). There is some 
evidence of modulation of synaptic plasticity by nicotinic receptors. In hippocampal 
slices, nicotine induced LTP in the absence of tetanus (He et al., 2000; Yu et al., 2007) 
and facilitated LTP following tetanus (Welsby et al., 2006, 2009). 
 
1.5.3 Spatial processing  
When running on a treadmill, majority of CA1 pyramidal cells in a behaving rat 
tends to fire on the positive phase of theta (Fox and Ranck, 1975; Buzaski et al., 1983). 
However, in a “natural” environment (e.g. walking on a narrow track), theta phase 
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relationship of hippocampal pyramidal cells is not constant and can change dynamically 
as a function of behavior. During walking, pyramidal cells which are preferentially 
activated with respect to the rat’s specific location in the environment are referred to as 
place cells. Hippocampal place cells were also found in humans (Ekstrom et al., 2003). 
The region in which a given place cell is maximally activated is called its place field 
(O’Keefe and Dostrovsky, 1971; O’Keefe, 1976; O’Keefe and Nadel, 1978). As the rat 
traversed the cell’s place field, place cells displayed a systematic phase shift relative to 
theta. Upon entering a place field, firing consistently began at a particular phase of theta 
but during traversal of the field, place cells fired at progressively earlier phases of the 
theta cycle. This phenomenon is termed phase precession (O’Keefe and Recce, 1993; 
Skaggs et al., 1996).  
Maximal firing generally occurred in the middle of the phase shift (O’Keefe and 
Recce, 1993). However, the phase of spike firing is strongly correlated with the rat’s 
location within the place field and this correlation is higher than the time spent in the 
field or firing rate demonstrated that this temporal variation in firing transmits 
information about the rat’s spatial location (Huxter et al., 2003). In addition, when theta 
phase relationship was considered together with firing rates, localization of the rat’s 
position improved significantly (Jensen and Lisman, 2000). Lastly, it is interesting to 
note that the signal strength of place cells is greater during theta than during LIA (Muller, 
1996).  
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1.6 Physiological characteristics of hippocampal neurons 
Although EEG and field potential allow us to examine synchronous activity of a 
large number of neurons in a given brain region, neighboring neurons may not always 
respond in the same manner. In order to attain a more complete picture, recording of 
individual neuronal responses (single unit) is required. The electrophysiological 
characteristics of hippocampal principal neurons, including those in DG, have been 
documented in a number of studies (e.g. Kandel and Spencer, 1961; Fox and Ranck, 
1975, 1981). Based on their anatomical and physiological properties such as firing rates, 
waveform and relative position in the hippocampus, two classes of cells were identified 
in the rat hippocampus; complex spike cells and theta cells. Complex spike cells were 
located in the stratum pyramidale and stratum granulosum whereas theta cells were found 
in all layers of the hippocampus (Fox and Ranck, 1975). Since most principal cells 
innervate adjacent interneurons via axon collaterals, an increased probability of firing in 
theta cells follow shortly after action potentials in the principal cells (Csicsvari et al., 
1998). Complex spike and theta cells are generally recognized as principal cells and 
interneurons, respectively. 
 
1.6.1 Principal cells 
Hippocampal principal cells have relatively low firing frequency (≤ 2 Hz) and 
long duration action potentials (0.4-1 ms). These cells can be antidromically activated by 
electrical stimulation of the hippocampal efferent pathways (Fox and Ranck, 1975; Fox 
and Ranck, 1981; Vertes and Kocsis, 1997). Moreover, principal cells possess a 
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distinctive firing pattern known as burst firing which can be recorded extracellularly in 
the form of ‘complex spike’. A complex spike comprises of a series of 2 to 10 action 
potentials (spikes) with short interspike intervals (3-10 ms), in which the amplitude of 
individual spike decreases during the series (Kandel and Spencer, 1961; Ranck, 1973; 
Fox and Ranck, 1975, 1981). It has been suggested that depolarizing after-potentials such 
as inward INaP and R-type Ca2+ current are responsible for complex spike bursting (Yue et 
al., 2005; Metz et al., 2005). Another unique feature is that the frequency of spikes 
declines during the series and is followed by a slow afterhyperpolarization (AHP) at the 
end of the series, as a result of gradual activation of K+ channels (e.g. outward Im and 
IAHP, mediated by Ca2+-activated SK channels) (Lancaster and Adams, 1986; Lancaster 
and Nicoll, 1987). In addition, these cells can fire single isolated spikes and remain silent 
for long periods of time (Fox and Ranck, 1975, 1981). 
Complex spike bursting is implicated in synaptic plasticity and spatial information 
processing in the hippocampus. In contrast to the former, in hippocampal slice 
experiments, pairings of synaptic inputs with postsynaptic bursting activity, but not with 
single postsynaptic action potentials, induced LTP (Thomas et al., 1998; Pike et al., 
1999). LTP was not observed following blockade of complex spike bursting by low 
concentration of TTX without affecting generation of single postsynaptic potential 
(Thomas et al. 1998). In the latter, place cells are hippocampal principal cells which can 
fire when animals enter specific spatial locations in the environment. Thus, the 
hippocampus is likely involved in the construction of a cognitive map of the animal’s 
environment (O’Keefe and Dostrovsky, 1971; O’Keefe, 1976). Mapping of the animal’s 
position, encoded by activation of a place cell, is defined more precisely by burst firing, 
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rather than by single spikes of the place cell (Otto et al., 1991). Burst firing of place cells 
is suggested to be “information-rich” and may create a more accurate internal 
representation of position in the external environment, than single spikes (Lisman, 1997). 
 
1.6.2 Interneurons 
Interneurons have relatively high firing frequency (10 Hz to 100 Hz) and short-
duration action potentials (< 0.4 ms). These cells generally cannot be antidromically 
driven from efferent pathways (Vertes and Kocsis, 1997). Distinct from principal cells, 
interneurons do not fire complex spikes in bursts. Interneurons fire single spikes in 
bursts, in synchrony with theta rhythm (Fox and Ranck, 1975). In a behaving rat, 
interneurons can alter their firing rate when the rat is engaged in “theta” activities (e.g. 
walking), as opposed to when the rat is in “LIA-state” (e.g. immobile), therefore are 
termed theta cells (Ranck, 1973).  
According to a classification system of Colom and Bland (1987), theta cells are 
divided into theta-ON and theta-OFF cells. Theta-ON cells increase their firing rates 
during theta activity, whereas theta-OFF cells decrease theirs. In addition, these cells are 
further categorized into 2 subtypes, phasic and tonic. Phasic cells fire rhythmically with 
theta and their firing rate is positively (theta-ON) or negatively (theta-OFF) correlated 
with theta frequency. Tonic cells fire non-rhythmically. On the other hand, neurobiotin-
labeled pyramidal cells in CA1 and CA3 were found to behave like phasic and tonic 
theta-ON cells, suggesting that not all theta cells are interneurons (Bland et al., 2002, 
2005). 
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GABAergic interneurons are involved in network forms of inhibition (e.g. 
feedback and feedforward inhibition) which spatially limit the flow of excitation to 
pyramidal cells to provide stability to the principal cell population. In feedback 
inhibition, an excitatory input arrives directly to a principal cell, whose excitatory input is 
fed-back to an interneuron through recurrent axon collaterals. This interneuron in turn 
inhibits a number of principal cells including those which initially activated it and also 
the neighboring principal cells (recurrent and lateral inhibition). In feedforward 
inhibition, an excitatory input arrives at both a principal cell and an interneuron. This 
interneuron then suppresses the firing of the principal cell. Feedforward inhibition may 
participate in “signal-to-noise” information processing in which excitation in a selected 
population of principal cells occurs against the suppression of background firing of 
adjacent principal cell populations (Buzsaki, 1984). Moreover, interneuron-selective cells 
(IS-1, IS-2, and IS-3), which innervate specific subsets of interneurons, may synchronize 
interneurons that converge onto a particular group of principal cells. They may disinhibit 
principal cell dendrites targeted by particular excitatory inputs. IS-1 cells can reduce 
feedback inhibition produced by interneurons (i.e. basket cells) in the principal cell layer. 
Hence, IS interneurons may play a role in the control of population oscillations and 
disinhibition in the hippocampal network (Freund and Buzsaki, 1996). 
In addition, the network of interneurons serves as a clock, providing a rhythm-
based timing signal to the principal cell population. Locally, interneurons can control 
spike timing via shunting inhibition. Having reversal potential (e.g. -55 mV) for 
GABAergic events below action potential threshold but above resting membrane 
potential allows for shunting inhibition in which rapid reversal of the polarity of synaptic 
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events occurs. Shunting inhibition consists of two temporal events. In the first event, 
GABAA-mediated Cl- conductance increases and this reduces membrane resistance and 
amplitude of excitatory postsynaptic potentials (EPSPs), decreasing the excitability of the 
postsynaptic cell and prevents it from firing. The membrane is held at subthreshold 
potential despite concurrent depolarization. In the second event, conductance decays but 
membrane potential remains depolarized. The postsynaptic cell reaches spike threshold 
and produces an action potential. In this way, an action potential occurs following a short 
delay in the presence of a tonic excitatory drive (Stein and Nicoll, 2003; Gulledge and 
Stuart, 2003). Shunting inhibition is activity-dependent. At high excitation levels, the first 
inhibitory event dominates, shifting the spike to a later time. However, at low excitation 
levels, the second excitatory event takes over and shortens the interspike interval (Vida et 
al., 2006). This allows interneurons to accelerate weakly activated neurons and decelerate 
strongly activated neurons, increasing the precision of spike time and homogenize firing 
rates even when the tonic drive to the interneuronal network is heterogeneous (Vida et al., 
2006; Mann and Paulsen, 2006, 2007). In addition, synchronization of neuronal 
populations over longer distances can be achieved through region-spanning axon 
collaterals of principal cells or by a class of long-range interneurons. These interneurons 
possess axon trees that span brain regions and hemispheres. They may have a role in the 
synchronization of spatially distant multiple oscillators and timing of principal cells that 
are not connected directly with each other (Buzsaki and Chrobak, 1995; Bartos et al., 
2007).  
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1.7 Vestibular system 
The vestibular system is traditionally recognized as a system which stabilizes 
visual images by mechanisms that adjust the eyes (vestibulo-ocular reflex) and the body 
(vestibulospinal reflex). Damage results in vertigo, imbalance and nausea. The peripheral 
vestibular apparatus located in the inner ear consists of two otolith organs (utricle and 
saccule) and three semi-circular canals (anterior, horizontal and posterior canals) which 
contain receptors are sensitive to linear and angular acceleration of the head. They 
transmit signals to the vestibular nucleus complex in the brainstem where position, linear 
and angular velocity are computed (Raphan and Cohen, 2002).  
In addition, the vestibular system plays an important role in spatial navigation and 
memory. Mittelstaedt and Mittelstaedt (1980) showed that mammals can keep track of 
their relative spatial location by integrating linear and angular motion, even in the 
absence of vision (path integration). The integration of vestibular signals is suggested to 
include the hippocampus, which is widely known to be involved in spatial navigation and 
memory (O’Keefe and Nadel, 1978; McNaughton et al., 1996). To navigate efficiently in 
an environment, mammals rely on external sensory (e.g. visual landmarks) and self-
motion (idiothetic) cues (Etienne, 1992). Connected through several polysynaptic 
pathways such as the vestibulo-thalamocortical and the hypothalamus-septohippocampal 
pathway (Smith, 1997; Smith et al., 2005; Hüfner et al., 2007) to the hippocampus, the 
vestibular system may provide self-motion cues to guide navigation, contributing to 
spatial information processing and the development of spatial memory in the 
hippocampus (Smith, 1997; Stackman at al., 2002; Russell et al., 2003). Vestibular 
lesioned rats displayed deficits in hippocampal-dependent spatial learning and memory 
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tasks such as radial arm maze (Matthews et al., 1989; Ossenkopp and Hargreaves, 1993), 
Morris water maze (Petrosini, 1984; Stackman and Herbert, 2002), and a food foraging 
task (Wallace et al., 2002; Zheng et al., 2009). Disruptions in location-specific firing of 
hippocampal place cells were reported following lesion and temporary inactivation of the 
vestibular apparatus (Stackman et al., 2002; Russell et al., 2003). Vestibular-damaged 
humans showed deficits in spatial memory (Hüfner et al., 2007; Guidetti et al., 2008; 
Hamann et al., 2009) and atropy in the hippocampus (Brandt et al., 2005). Vestibular 
stimulation by passive rotation can alter the function of the hippocampus. During passive 
rotation, place fields of hippocampal neurons were modified in animals (Knierim et al., 
1995; Wiener et al., 1995). Humans with unilateral hippocampal lesions showed errors in 
“vestibular working memory” in which they were unable to orientate themselves back to 
the initial position before rotation (Wiest et al., 1996). 
 
1.8 Outline of thesis 
 The medial septum consists of cholinergic, GABAergic and glutamatergic cells 
that project to the hippocampus. Cholinergic input to the hippocampus, originating 
mainly from the medial septum (Mesulam et al., 1983; Nyakas et al., 1987), is 
particularly important for learning and memory (Kesner, 1988; Givens and Olton, 1990). 
Chapters 2 and 3 will focus on the role of cholinergic septohippocampal cells in 
hippocampal theta rhythm and synaptic plasticity during vestibular stimulation in freely 
behaving rats. Although the roles of GABAergic and glutamatergic cells are yet to be 
clearly defined, their projection patterns to the hippocampus suggest that they exhibit the 
potential to influence hippocampal activity. In Chapter 4, I will elucidate the contribution 
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of septal GABAergic cells to hippocampal activity by examining population and unit 
activity in urethane-anesthetized and behaving rats. These aims were achieved by the use 
of antibody/ligand conjugated to neurotoxin saporin, 192 IgG-saporin and orexin-saporin, 
to destroy cholinergic and GABAergic cells respectively.    
 
The following specific hypotheses will be examined in this thesis: 
1. It is hypothesized that a cholinergic, atropine-sensitive theta rhythm is generated 
during vestibular stimulation via passive whole-body rotation in freely behaving 
rats (Chapter 2). 
2. It is hypothesized that septal cholinergic neurons are responsible for a rotation-
induced modulation of hippocampal evoked potentials (Chapter 2). 
3. It is hypothesized that passive whole-body rotation enhances LTP in CA1 of 
behaving rats (Chapter 3). 
4. It is hypothesized that rotation-induced enhancement of LTP depends on the 
activation of septal cholinergic neurons (Chapter 3). 
5. It is hypothesized that the septal GABAergic neurons are responsible for the 
facilitation of the dentate population spike following stimulation of PNO (Chapter 
4).  
6. It is hypothesized that the septal GABAerigc cells helps maintain granule cell 
excitability by inhibiting hippocampal interneurons (Chapter 4). 
 
The thesis is concluded in the Chapter 5 with a general discussion of all the results 
and their implications.  
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Chapter 2 
Activation of Immobility-related Hippocampal Theta by 
Cholinergic Septohippocampal Neurons during 
Vestibular Stimulation 
 
2.1 Introduction 
The vestibular apparatus is traditionally recognized as a system which stabilizes 
visual images by mechanisms that adjust the eyes (vestibulo-ocular reflex) and the body 
(vestibulospinal reflex). Damage results in vertigo, imbalance and nausea. Receptors in 
the semi-circular canals and otolith organs are sensitive to angular and linear acceleration 
of the head respectively, providing signals to the vestibular nucleus complex in the 
brainstem where the position, linear and angular velocity are computed (Raphan and 
Cohen, 2002). 1 
In addition, the vestibular system plays an essential role in spatial navigation and 
memory. A seminal paper by Mittelstaedt and Mittelstaedt (1980) showed that mammals 
can keep track of relative spatial location by integrating linear and angular motion (path 
integration). The integration of vestibular signals is suggested to include the 
hippocampus, which is widely known to be involved in spatial navigation and memory 
(O’Keefe and Nadel, 1978; McNaughton et al., 1996; Stackman et al., 2002). Animal 
                                                 
 Data presented in this chapter has been published as: Tai S.K., Ma J., Ossenkopp K-P. 
and Leung L.S. (2011) Activation of immobility-related hippocampal theta by cholinergic 
septohippocampal neurons during vestibular stimulation. Hippocampus doi: 
10.1002/hipo.20955. 
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studies have showed that damage to the vestibular system produces deficits in 
hippocampal-dependent spatial learning and memory tasks such as radial arm maze 
(Matthews et al., 1989; Ossenkopp and Hargreaves, 1993), Morris water maze (Petrosini, 
1984; Stackman and Herbert, 2002), and a food foraging task (Wallace et al., 2002; 
Zheng et al., 2009). Moreover, vestibular-damaged humans displayed spatial memory 
deficits (Hüfner et al., 2007; Guidetti et al., 2008; Hamann et al., 2009) and a substantial 
(16.9%) decrease in hippocampal volume relative to healthy subjects (Brandt et al., 
2005). Stimulation of the vestibular system by passive rotation can alter the function of 
the hippocampus. During passive rotation, place fields of hippocampal neurons were 
modified in animals (Knierim et al., 1995; Wiener et al., 1995), and errors in “vestibular 
working memory” developed in humans with unilateral hippocampal lesions in which 
they were unable to orientate themselves back to the initial position before rotation 
(Wiest et al., 1996). 
Vestibular modulation of hippocampal function may be mediated by a 
hippocampal theta rhythm. The hippocampal theta rhythm, a 4-10 Hz oscillatory 
electrical activity, is most prominent during voluntary movement and rapid-eye 
movement sleep (Vanderwolf, 1969, 1988), and is disrupted by vestibular lesion (Russell 
et al., 2006). On the other hand, passive body rotation also induced a hippocampal theta 
rhythm in curarized (Winson, 1976) and undrugged rats (Gavrilov et al., 1995, 1996), and 
in freely behaving mice (Shin et al., 2005; Shin, 2010). There is evidence that suggests 
the theta rhythm during passive rotation is atropine-sensitive. In phospholipase C-β1 
(PLCβ1) knockout mice, cholinergic muscarinic receptor (M1, M3 and M5) signaling 
was blocked and the theta rhythm during passive rotation was abolished (Shin et al., 
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2005). In wild-type mice, theta during passive rotation was abolished by systemic 
atropine sulfate injection (Shin, 2010). However, muscarinic signaling and systemic 
receptor blockade may occur outside of the septohippocampal system. In this study, I 
hypothesize that the cholinergic septohippocampal neurons are involved in the generation 
of the hippocampal theta rhythm during passive rotations. In addition, I tested whether 
cholinergic afferents are responsible for a rotation-induced modulation of Schaffer-
collateral/commissural hippocampal evoked potentials. Preliminary results of this report 
were presented in an abstract (Tai et al., 2007). 
 
2.2 Material and methods 
2.2.1 Lesion and control rats 
The experiments were performed on 31 adult male Long Evans hooded rats, 
weighing 250-380 g (Charles River Canada, St. Constance, Quebec, Canada). They were 
housed in pairs in Plexiglas cages and kept on a 12/12 h light/dark cycle, at a temperature 
of 22 ± 1 o C. Rats were given food and water ad libitum. Five groups of rats were used: 
(i) intact rats with no lesions, (ii) rats with peripheral vestibular receptors lesioned by 
ototoxin, sodium arsanilate (Na+ arsanilate), (iii) sham-lesion rats with saline injected 
intratympanically, (iv) rats with cholinergic neurons in the medial septum (MS) lesioned 
by 192 IgG-saporin, and (v) sham-lesion rats with saline infused in the MS. All 
experimental procedures were approved by the local Animal Use Committee and 
conducted according to the guidelines of Canadian Council for Animal Care. All efforts 
were taken to minimize the pain and suffering of animals. 
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Lesion of cholinergic neurons in the MS was carried out using 192 IgG-saporin 
(Advanced Targeting Systems, San Diego, CA) under sodium pentobarbital (60 mg/kg 
i.p.) anesthesia. It consists of the monoclonal p75 receptor antibody 192 IgG which is 
disulfide-linked to saporin, a ribosome-inactivating toxin. Since cholinergic neurons are 
the only cells in the MS region that express p75 receptor, 192 IgG-saporin destroys 
cholinergic neurons without affecting non-cholinergic cells (Wiley et al., 1991; Wrenn 
and Wiley, 1998; Ma et al., 2004). 192 IgG-saporin was diluted to 0.35 µg/µl with sterile 
saline, and 0.4 µl was infused bilaterally (A +0.5, L ±0.5) into each ventral site (V 5.7 
and 7.8; atlas of Paxinos and Watson (1997) of the MS at a constant rate of 0.5 µl in 10 
minutes by an infusion pump (Harvard Apparatus, South Natick, MA), via 30-gauge 
Hamilton syringe (Ma et al., 2004). To allow for diffusion, the infusion needle remained 
in place for 10 minutes before retraction. Sham lesion rats were infused with equal 
volumes of saline. 192 IgG-saporin and saline-infused rats were implanted with depth 
electrodes immediately or 1-2 days after MS infusion. Hippocampal EEGs and evoked 
potentials were recorded 2-4 weeks following lesion.  
To lesion the vestibular cells, sodium arsanilate, an ototoxic compound, was 
injected intratympanically following the procedure of Horn et al. (1981). Sodium 
arsanilate was reported to damage the secretory cells of the cristae, which in turn disrupts 
the osmolarity and eventually kills the hair cells (Anniko and Wersall, 1977), resulting in 
equilibrium problems similar to labyrinthectomy (Hunt et al., 1987). Rats were 
anesthetized with ketamine-xylazine anesthesia, and in each ear, an injection needle was 
inserted through the tympanic membrane until resistance by the auditory ossicles was 
encountered. Then, intratympanic injection of 0.1 ml of 300 mg/ml sodium arsanilate 
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solution (in sterile saline), or 0.1 ml of sterile saline, was made within 2 s. Following 
each injection, the ear canal was tightly packed with Surgifoam (Ferrosan). The arsanilate 
dose used in this study was shown to impair spatial learning and memory (Ossenkopp and 
Hargreaves, 1993; Stackman and Herbert, 2002). Implantation of depth electrodes was 
done three days after vestibular lesion.  
To test for the integrity of vestibular function, a contact-righting test was 
performed. Rats were placed in a supine position on a horizontal surface (table) and 
another horizontal surface (a sheet of Plexiglas) was placed lightly in contact with the 
soles of the animal's feet. Normal rats will right themselves immediately. In contrast, rats 
with vestibular dysfunction will remain supine, with their backs in contact with the table 
and their feet in contact with the Plexiglas sheet, and will not right themselves. Lesion 
rats will continue walking with respect to the ventral surface (Plexiglas sheet), as long as 
their hind feet are in contact with it (Shoham et al., 1989; Ossenkopp and Hargreaves, 
1993). Once the Plexiglas sheet was no longer in contact with all four feet, lesion rats will 
display a righting response. 
 
2.2.2 Electrode implantation and vestibular stimulation  
Under sodium pentobarbital (60 mg/kg i.p.) anesthesia, the rat’s head was fixed 
on to a stereotaxic frame using blunt ear bars to avoid damage to the tympanic membrane 
and the skull adjusted to fit the bregma and lambda in the same horizontal plane. Bipolar 
electrode pairs were placed bilaterally in the hippocampus, with the deep electrode 
targeting the stratum radiatum or the stratum lacunosum-moleculare and the shallow 
electrode targeting the alveus or stratum oriens of the dorsal CA1 region (P +3.8 mm, L 
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±2.5 mm; insert in Fig. 2.3A). The dorsal-ventral depth was determined by monitoring 
field potentials while stimulating the contralateral CA1. Each electrode comprised of a 
125-µm stainless steel wire insulated with Teflon, except at the cut end. A jeweler’s 
screw, placed over the occipital bone plate, served as recording reference. All electrodes 
and the screw were fixed on the skull with dental cement. 
After allowing at least 7 days to recover from the last surgery, hippocampal EEG 
was recorded during awake immobility, walking and passive rotation. During awake 
immobility, the motionless rat was in an alert state with eyes opened and head held above 
the ground. Walking behavior consisted of horizontal walking and rearing. For rotation, 
the rat was placed in a small container (26 x 23 x 21 cm) and electrodes connected 
through a slide-wire commutator. A steel rod connected to the base of the container was 
inserted into the shaft of a vertical drill that was adjusted to rotate at various speeds in a 
vertical axis – low (20-35 rpm), medium (36-49 rpm) and high (50-70 rpm), in the light 
and dark conditions. Behavior of the rat was visually monitored during rotation in a 
brightly lit room, whereas only a red light was used for experiment in the dark. The light 
intensity emitted between 300-600 nm by the red light was less than 1% of the total light 
intensity measured by a spectrophotometer (S2000, Ocean Optics). There is little or no 
emission below 600 nm which is the limit of cone detection in rats (Neitz and Jacobs, 
1986; Jacobs et al., 2001). Illumination at 300-600 nm during the dark condition, 
measured inside the rat’s cage during rotation, was estimated to be < 0.1 lux. In some 
experiments, rats were injected with 50 mg/kg atropine sulfate i.p. or 50 mg/kg atropine 
methyl nitrate i.p. (peripheral blockade of muscarinic cholinergic receptors) 15 min prior 
to rotation. 
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2.2.3 Recording and analysis of EEG and evoked potentials 
EEG was sampled at 200 Hz after averaging 5 consecutive samples digitized at 1 
KHz, which contributed 3 dB and 10 dB attenuation points at 84 Hz and 180 Hz, 
respectively. Artifact-free segments of the EEG were manually selected, with each 
segment consisting of 1024 points or 5.12 s duration. A power spectrum was constructed 
from at least 6 segments, and after smoothing and averaging, spectral estimates had 0.195 
Hz resolution, 2.15 Hz bandwidth (interval of smoothing) and >60 degrees of freedom 
(Leung, 1985). Power spectra were plotted in arbitrary logarithmic units, with the 
calibration of 5.8 log units = 1 mV peak-to-peak amplitude of a sine wave. An increase of 
1 logarithmic power unit signified a 10-fold increase in the squared amplitude of the EEG 
at a specific frequency. The “rise” of a theta peak was measured as the difference in 
logarithmic power between a minimum at 3-6 Hz to a maximum at 6-10 Hz. The rise of 
the theta peak gives a good estimate of the strength of the rhythmic theta signal (Leung 
and Shen, 2007). Time-frequency spectral analysis during rotation (up to 1 min) was 
computed using the “spectrogram” function in MATLAB (Natick, MA), with segment 
length of 256 points (1.28 s) and 200 overlapping points. The spectrogram shows how the 
EEG power at different frequency changes with time. The coherence spectrum is a 
measure of the correlation between two EEG signals as a function of frequency and is 
calculated as the z-transform coherence value which is 0.5 ln (1 + c)/ln (1 – c), where c is 
the linear coherence, and ln is the natural logarithm (Leung et al., 1982).  
Field excitatory postsynaptic potentials (fEPSPs) were recorded at CA1 
electrodes, following stimulation of the contralateral CA1 (repeated at 0.1 Hz). The 
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contralateral CA1 stimulus activated CA3 commissural fibers that evoked a population 
apical dendritic excitatory postsynaptic potential, recorded as a negative peak at the 
apical dendrites of CA1 or stratum radiatum, and a positive peak at CA1 stratum oriens. 
In each rat, an average fEPSP (average of 8 sweeps) was recorded at the apical dendrites 
following stimulation at two times the stimulus threshold (15-50 µA, 0.2 ms pulse 
duration). The maximal slope of the average fEPSP during the falling phase (over 2 ms 
interval) was measured and expressed as a ratio of that evoked during awake immobility. 
 
2.2.4 Histology 
At the end of experiments, rats were deeply anesthetized with 30% urethane and 
perfused through the heart with 400 ml of cold saline followed by 500 ml of cold 4% 
paraformaldehyde solution in 0.1 M phosphate buffer (PB; pH 7.4). The brain was 
removed and post-fixed in the latter solution at 4oC. Acetylcholinesterase (AChE) 
staining and choline acetyltransferase (ChAT) immunohistochemistry were performed on 
hippocampal and MS sections respectively. Using a freezing microtome, the 
hippocampus was sectioned at 40 µm within 12 hrs of fixing while the rest of the brain 
was kept in 18% sucrose in phosphate-buffered saline for at least 72 hrs at 4oC. For the 
AChE staining, hippocampal sections were mounted on chrome-alum gelatin coated 
slides. AChE staining protocol was modified from the Koelle copper thiocholine method 
(Koelle and Friedenwald, 1949), using acetylthiocholine iodide as a false substrate to tag 
the AChE enzyme and ethopropazine as an inhibitor of non-specific cholinesterases. 
For the ChAT staining, the MS was sectioned at 40 µm and they were first 
incubated in 1% sodium borohydride in 0.1 M PB for 15 minutes and subsequently rinsed 
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in PB. To block non-specific labeling, they were incubated in 10% normal goat serum 
(Sigma) in 0.1 M PB containing 0.1% Triton X-100 (Sigma) for 1 hr at room 
temperature. The sections were rinsed briefly in PB and incubated at 4oC for 48 hrs in 
primary antibody solution containing mouse monoclonal ChAT (1:200; Cedarlane) in 1% 
normal goat serum. Sections were washed in three changes of PB and followed by 
incubation in biotin-conjugated goat anti-mouse secondary antiserum (1:200; Jackson 
ImmunoResearch) for 1 hr in room temperature. The sections were then washed several 
times in PB. ABC complex solution (Vector Laboratories) was prepared 20 minutes 
before use by adding equal volumes of solutions A and B in PB (1:1:100). The sections 
were incubated in the ABC complex solution for 1 hr at room temperature. Following 
three washes in PB, the sections were incubated in a solution containing 0.05% 
diaminobenzidine tetrahydrochloride (DAB, Sigma) and 0.03% hydrogen peroxide in PB 
at room temperature in a fume hood until they reached the desired color intensity (1-3 
min). The sections were then washed several times in PB, mounted on glass slides. 
Finally, they were dehydrated in a series of 70%, 95% and 100% ethyl alcohol, cleared in 
xylene (5 minutes x 2) and cover-slipped with DePex (BDH) mounting medium. 
The number of ChAT-positive cells was quantified in three representative coronal 
sections (40 µm) at anterior (~A 0.7), middle (~A 0.4) and posterior (~A 0.2) levels of 
the medial septum-diagonal band of Broca region. Images of selected sections were 
captured with a digital camera using x100 magnification in a microscope, and cells were 
counted from the digital images by another person who was unaware of the treatment 
history. Electrode placements were histologically verified in 40 µm thionin-stained brain 
sections. 
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Histology of the vestibular apparatus was carried out on sham lesion and sodium 
arsanilate lesioned rats. Following perfusion, the temporal bones were removed and 
placed in a decalcification solution (Decalcifier I, Surgipath Medical Ind. Inc.) for a 
week. The tissue was then rinsed through a graded alcohol series and xylene, and 
embedded in paraffin for sectioning. Sections of 7 µm thickness were mounted on slides, 
heated briefly, dried overnight and finally stained with hematoxylin and eosin (H & E). 
 
2.2.5 Statistical analysis 
Data was analyzed using one-way or two-way analysis of variance (ANOVA) and 
Student’s t-tests where appropriate (GraphPad Prism 4.0). Significance was set at P<0.05.  
 
2.3 Results 
2.3.1 Labyrinthine integrity  
Within 24 h after administration of sodium arsanilate, rats displayed vestibular 
system dysfunction such as exaggerated head dorsiflexion, severe ataxia, increased 
circling behavior and a wide-based stance. When given the contact-righting test, all 
arsanilate lesion rats treated the Plexiglas sheet placed on their feet as the “real” ground – 
they walked upside down with their backs on the table, and were unable to right 
themselves. In contrast, sham lesion rats displayed no behavioral abnormalities and 
righted themselves quickly in the contact-righting test. 
 Inner ear histology revealed the degeneration of the crista ampullaris of a 
semicircular canal in an arsanilate-lesioned rat (Fig. 2.1C, D). Neuroepithelial cell 
59 
 
pathology was characterized by the collapse of the epithelial layer, the erosion of the 
supporting stroma and complete loss of sensory hairs. No obvious structural damage was 
observed in sham lesion rats (Fig. 2.1A, B).  
 
2.3.2 Effect of 192-IgG saporin lesion of the medial septum 
A decrease in the number of ChAT-immunopositive cells in the MS was found in 
192 IgG-saporin lesion rats (n = 8) as compared to control sham-lesion rats (n = 5; Fig. 
2.2A, B). There was a significant reduction in the number of ChAT-immunoreactive 
neurons in 192 IgG-saporin lesion rats when compared to sham-lesion rats (Fig. 2.2B), as 
confirmed by a significant group effect in 2-way (group x section location) ANOVA (F (1, 
33) = 422, P < 0.0001; Fig. 2.2A). Bonferroni post-hoc test showed that a significant 
decrease in the number of ChAT-immunoreactive cells in lesion as compared to sham-
lesion rats in all three frontal levels (anterior: 24 ± 8 vs 214 ± 12; middle: 49 ± 7 vs 207 ± 
9; posterior: 35 ± 9 vs 240 ± 26; P < 0.001, respectively). 192 IgG-saporin lesion rats also 
showed a paler AChE staining in the hippocampus as compared to sham control rats (Fig. 
2.2C). 
 
2.3.3 Characteristics of theta rhythm during rotation 
At the start of a medium- or high-speed rotation, a rat typically “braced” itself by 
extending its forelimbs, flexing its hind limbs and tilting its head, and then remained in 
the same posture, without head and limb movements, until the rotation was stopped. This 
“bracing” behavior was observed in all rats, including vestibular and 192 IgG-saporin 
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Fig. 2.1. Photomicrographs of the ampullae of a semicircular canal containing the cristae 
(arrow) of an intact (A, B) and a sodium arsanilate lesion rat (C, D). Note that the 
integrity of the hair cells was lost in the lesioned rat. Left, x 100 magnification; right, x 
1000 magnification. Hematoxylin and eosin stain. 
. 
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Fig. 2.2 Counts of choline acetyltransferase (ChAT)-immunopositive cells and coronal 
sections of the medial septum (MS), and coronal sections of the hippocampus stained for 
acetylcholinesterase (AChE) of 192 IgG-saporin lesion rats and sham lesion rats. A 
significant decrease in the number of ChAT-immunopositive cholinergic neurons was 
observed in all three different coronal MS sections (A) following bilateral injections of 
192 IgG-saporin in the MS (n = 8) as compared to sham (n = 5). Arrow points to a 
ChAT-immunopositive cell (B). Depletion of AChE in dorsal CA1 was also observed. 
Note the lighter stain of the hippocampus in the lesion rat (C). Values are expressed as 
mean ± SEM. * P<0.001: difference between lesion and sham rats at a particular level, 
using Bonferroni test after a significant two-way ANOVA. 
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lesion rats. The period of immobility during rotation was invariably accompanied by a 
steady and stable theta rhythm (Fig. 2.3A, 2.4A and 2.5). More spontaneous movements 
usually accompanied a low-speed rotation, but theta rhythm was also found during 
periods of immobility. In intact rats, theta peak frequency changed significantly with 
rotation speed (Fig. 2.4A; repeated measures one-way ANOVA F (2, 14) = 5.04, P < 0.05). 
Newman-Keuls post-hoc test showed a significant difference between high and medium, 
and between high and low speeds (P < 0.05, respectively). However, repeated measures 
two-way ANOVA revealed no significant difference between the light and the dark 
condition, when either theta peak frequency (F (1, 14) = 0.054, P = 0.82) or theta power (F 
(1, 14) = 2.02, P = 0.18) during rotation was evaluated. 
The stability of the theta rhythm during rotation was confirmed by a time-
frequency spectral analysis. The time-frequency spectrogram showed that a minute-long 
medium-speed rotation was accompanied by a stable theta power and peak frequency 
(5.5-6.7 Hz) that did not change substantially with time (arrow; Fig 2.5A). The power 
spectra obtained from 2 s segments showed that peak theta frequency and theta power 
fluctuated around a mean frequency (6.15 ± 0.07 Hz) and power (0.95 ± 0.02 log units) 
during the 1-min rotation (Fig. 2.5B). Similarly stable theta frequency and power were 
found during a 5-min rotation (data not shown). 
Atropine sulfate (50 mg/kg i.p.) strongly attenuated rotation-induced hippocampal 
theta rhythm and theta power compared to that during the drug-free condition (Fig. 2.3A, 
2.4A). After atropine sulfate, the rise of the theta peak was not detected in 5 of 8 intact 
rats, and as a group, theta peak rise averaged 0.06 log units (n = 8), which was 9 times 
smaller than the no-drug baseline (0.55 log units). For experiments in the dark, repeated 
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measures two-way ANOVA showed a significant reduction in theta power during 
rotation following injection of atropine sulfate (F (1, 14) = 47.8, P < 0.0001; Fig. 2.4A). 
Bonferroni post-hoc test revealed that a difference in theta power between drug-free and 
atropine-sulfate groups was observed in any one of the three rotation speeds (P < 0.01, 
respectively). Rotation in the light condition yielded similarly significant difference in 
theta power between drug-free and atropine-sulfate groups (main effect F (1, 14) = 92.30, P 
< 0.0001; P < 0.001 at any speed, Bonferroni post-hoc test). Following injection of 
atropine methyl nitrate (Fig. 2.3B), both theta power (F (1, 4) = 0.022, P = 0.89) and theta 
peak frequency (F (1, 4) = 0.906, P = 0.40) were not affected.  
When compared to control sham-lesion rats, rotation-induced theta power was 
attenuated in both 192 IgG-saporin lesion rats (Fig. 2.3C) and vestibular lesion rats (Fig. 
2.3D). Two-way ANOVA showed a significant decrease in theta power in 192 IgG-
saporin lesion rats (F (1, 21) = 97.2, P < 0.0001; Fig. 2.4B), and in vestibular lesion rats (F 
(1, 24) = 76.8, P < 0.0001; Fig. 2.4C), as compared to the respective control sham-lesion 
rats. A comparison between lesion and sham rats showed a decrease in theta power across 
all rotational speeds (at least P < 0.05; Bonferroni post-hoc tests; Fig. 2.4B, 2.4C). For 
example, during medium speed rotation, 192 IgG-saporin lesion rats only showed a small 
theta peak rise (0.12 ± 0.03 log units), whereas the large peak rise was observed in MS 
sham-lesion rats (0.64 ± 0.07 log units; Fig. 2.3C, 2.4B). Similarly, vestibular lesion rats 
displayed a smaller theta peak rise (0.30 ± 0.04 log units, Fig. 2.3D, 2.4C) than vestibular 
sham-lesion rats (0.80 ± 0.13 log units). 
The rotation-induced theta peak frequency in all animals tested ranged from 3.88 
Hz to 6.59 Hz. No significant difference in theta peak frequency was found between
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Fig. 2.3 Power spectra of hippocampal EEG during rotation. Power spectra were obtained 
from artifact-free EEG segments during rotation using fast Fourier Transform (FFT) and 
plotted in arbitrary logarithmic units. The strength of the rhythmic theta signal was 
determined by the rise of a theta peak, which is the difference in logarithmic power 
between a minimum at 3-6 Hz to a peak at 6-10 Hz (indicated by the open arrow). 
Corresponding EEG traces are showed on the right. Frequencies are displayed next to the 
theta peaks (θ). Speed of rotation ranged from 60 to 68 revolutions per minute (rpm). A 
representative coronal section of the dorsal hippocampus, stained with thionin, showing 
the location of the recording electrode (R1) in the stratum lacunosum-moleculare of CA1 
(insert, A). Rotation-induced theta rhythm recorded at stratum radiatum/fissure and theta 
peak power observed during the drug-free condition (dotted red line) were abolished 
following injection of atropine sulfate (50 mg/kg i.p., solid black line, A). In contrast, the 
same dose of atropine methyl nitrate did not elicit any appreciable changes (solid black 
line, B). When compared to sham rats (dotted red line), theta peak power during rotation 
was attenuated in MS cholinergic (IgG-saporin) lesion (solid black line, C) and vestibular 
(Na arsaniliate) lesion rats (solid black line, D). 
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Fig. 2.4 Effect of rotational speeds on hippocampal theta rhythm. The rise of the theta 
peak in logarithmic power (right) and theta peak frequency (left) were plotted against 
various rotation speeds: low (20-35 rpm), medium (36-49 rpm) and high (50-70 rpm). 
Data was derived from experiments performed in the dark. In intact rats, atropine sulfate 
reduced theta power significantly at all speeds (A). Lesion of MS cholinergic neurons by 
192 IgG-saporin (B) and lesion of vestibular receptors by Na arsanilate (C) significantly 
attenuated theta power at all speeds, when compared to sham lesion animals. Values are 
expressed as mean ± SEM. * P<0.05, ** P<0.01, *** P<0.001: difference between no 
drug and atropine sulfate, and between sham and lesion rats using Bonferroni test after a 
significant repeated measures two-way ANOVA respectively. # P<0.05: difference 
across rotational speeds in intact drug-free rats using Newman-Keuls test following a 
significant repeated measures one-way ANOVA (A). 
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Fig. 2.5 Hippocampal theta rhythm is stable during rotation. A) Time-frequency 
spectrogram (top panel) calculated using short-time Fourier transform was obtained from 
artifact-free EEG (bottom panel) during 1 min of medium-speed rotation of an intact rat. 
The horizontal axis represents time (s) and the left vertical axis represents frequency 
(Hz), and the color intensity of each pixel in the image (calibration panel on right) 
indicates the amplitude (dB) at a particular frequency and time. 1 mV peak-to-peak sine 
wave gives a 75.7 dB power peak in the spectrogram. B) Theta peak frequency (solid 
line), and rise of theta peak (dotted line; 20 dB = 1 log unit) are plotted for same data. 
Note that the theta peak frequency (arrow in A) and rise of theta peak did not vary greatly 
with time (B), i.e., continuous rotation did not result in habituation of the theta rhythm. 
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drug-free and atropine-sulfate conditions (F (1, 14) = 2.77, P = 0.12; Fig. 2.4A), between 
192 IgG-saporin (F (1, 21) = 2.03, P = 0.17; Fig. 2.4B) and sham control groups, or 
between vestibular lesion (F (1, 24) = 0.55, P = 0.46; Fig. 2.4C) and sham lesion rats.  
Gamma rhythm (30-100 Hz band) in lesion and control rats was not significantly 
altered by rotation, before or after treatment with atropine sulfate (Fig. 2.3A) or atropine 
methyl nitrate (Fig. 2.3B). 
 
2.3.4 Characteristics of theta rhythm during walking 
Theta power and frequency were evaluated during walking in different groups of 
rats. In intact rats, atropine sulfate reduced the rise of the theta peak during walking (0.48 
± 0.05 log units, n = 8), compared to the drug-free condition (1.05 ± 0.09 log units; P < 
0.001, paired-t test; Fig. 2.6A). The walking theta peak rise was not significantly different 
in 192 IgG-saporin lesion (0.87 ± 0.10 log units, n = 6) and vestibular lesion rats (0.91 ± 
0.09 log units, n = 7), as compared to their respective control sham-lesion rats (MS sham: 
1.04 ± 0.25 log units, n = 3; vestibular sham: 1.15 ± 0.04 units, n = 3). 
No significant difference in theta peak frequency was observed between drug-free 
(7.71 ± 0.13 Hz) and atropine sulfate conditions (7.30 ± 0.12 Hz) (P = 0.0936; paired t-
test; Fig. 2.6B), or between 192 IgG-saporin lesion rats (7.66 ± 0.19 Hz) and sham-MS 
lesion rats (7.31 ± 0.07 Hz; P = 0.24; unpaired t-test; Fig. 2.6B). However, vestibular 
lesion rats (7.12 ± 0.14 Hz) showed a significantly lower theta peak frequency compared 
to the respective sham lesion rats (7.70 ± 0.07; P < 0.05; unpaired t-test). 
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Fig. 2.6 Changes in theta peak frequency and power during walking. A) A reduction in 
the rise of the theta peak (log power) was observed following atropine sulfate (Atropine) 
when compared to the drug-free condition (No drug, n = 8), but no change in 192 IgG-
saporin (Saporin, n = 6) and vestibular lesion (Vest, n = 7) animals, compared to their 
respective sham controls (n = 3, respectively). B) There was no significant difference in 
theta peak frequency between drug-free condition and atropine sulfate, and between MS 
sham and 192 IgG-saporin lesion rats. Vestibular lesion rats display a lower theta peak 
frequency compared to vestibular sham rats. Values are expressed as mean ± SEM. * 
P<0.001: difference between drug-free condition and atropine sulfate (paired t-test). # 
P<0.05: difference between vestibular lesion and sham lesion rats (unpaired t-test). 
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2.3.5 Effect of atropine sulfate and 192 IgG-saporin lesion on fEPSP 
modulation 
The commissurally evoked apical dendritic fEPSP in CA1 was used to assess 
cholinergic function during different behaviors (Leung, 1980, 1998). In drug-free intact 
rats, the slope of the commissural fEPSP (average of eight sweeps) was smaller during 
walking than awake-immobility (P < 0.05; paired t-test, n = 5). Similarly, the slope of the 
commissural fEPSP was smaller during medium speed rotation than that during awake-
immobility (P < 0.05; paired t-test, n = 5, Fig. 2.7). Consistent with an inference of 
increased cholinergic inputs during rotation, atropine sulfate significantly increased the 
rotation-to-immobility fEPSP slope ratio from a pre-drug baseline of 0.83 ± 0.10 to 0.99 
± 0.05 (P < 0.05; paired t-test; Fig. 2.7). The walking-to-immobility fEPSP slope ratio 
also increased after atropine sulfate, from 0.78 ± 0.11 to 0.91 ± 0.13, but this increase 
was not statistically significant (P = 0.088; paired t-test, n = 5).  
The rotation-to-immobility fEPSP slope ratio was higher in 192 IgG-saporin 
lesion rats (1.00 ± 0.02, n = 8) than sham-lesion rats (0.83 ± 0.03, n = 5; P < 0.01; 
unpaired t-test). The walking-to-immobility fEPSP slope ratio was not significantly 
different between saporin- and sham-lesion rats (0.92 ± 0.04 vs 0.78 ± 0.05; P = 0.051; 
unpaired t-test).  
When individual fEPSP sweeps were analyzed, fEPSP slope during rotation was 
significantly smaller than that during immobility in all drug-free intact rats (n = 5). 
However, in vestibular lesion rats (n = 2), no difference in the slope of fEPSP was 
observed between immobility and rotation. The intact (n = 5) and lesion groups (n = 2) 
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Fig. 2.7 Effect of atropine sulfate and medial septal 192 IgG-saporin lesion on 
hippocampal field excitatory postsynaptic potentials (fEPSPs). Top traces: average 
commissural evoked potentials (average of eight sweeps) recorded in CA1 of a 
representative rat, during immobility (dotted red traces) and medium-speed rotation (solid 
black traces). The ratio of the rising slope of the fEPSP during rotation to that during 
awake-immobility (mean ± SEM) was approximately 0.8 without drug, and it increased 
significantly after atropine sulfate (left panel), and was higher in rats with septal 
cholinergic lesion (Saporin) as compared to sham lesion rats. * P<0.05: difference 
between drug-free condition and atropine sulfate in intact rats (n = 5; paired t-test). # 
P<0.01: difference between sham rats (n = 5) and saporin lesion rats (n = 8; unpaired t-
test). 
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are different in the frequency occurrence of rotation-modulated fEPSPs (P < 0.05; 
Fisher’s exact test).  
 
2.4 Discussion  
This study demonstrated that whole body rotation elicits an atropine-sensitive 
theta rhythm in the hippocampus of freely behaving undrugged rats. Continuous (1 min 
or longer) rotation activated a stable and continuous hippocampal theta, extending 
previous studies that stimulated the vestibular system for several seconds (Gavrilov et al., 
1995, 1996; Shin et al., 2005; Shin, 2010). The rotation-induced theta was strongly 
attenuated by central muscarinic, but not peripheral, cholinergic blockade. Rotation-
induced theta was also attenuated after lesion of the septal cholinergic neurons or 
bilateral vestibular lesion. The activation of cholinergic inputs to the hippocampus was 
confirmed by a modulation of hippocampal fEPSP during rotation as compared to during 
immobility. The cholinergic modulation of fEPSPs was sensitive to muscarinic 
cholinergic blockade, lesion of the septal cholinergic neurons and peripheral vestisbular 
receptors. 
 
2.4.1 Septohippocampal cholinergic neurons generates an atropine-
sensitive theta rhythm during rotation 
In intact rats, the rotation-induced hippocampal theta rhythm was greatly 
attenuated following atropine sulfate treatment, although activation of a minor (~10% 
amplitude) atropine-resistant theta cannot be excluded. Similarly, rotation-induced 
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hippocampal theta was greatly attenuated in 192-IgG saporin lesion rats as compared to 
sham lesion rats. Although septal cholinergic efferents project to many areas including 
entorhinal and cingulate cortices (Woolf, 1991), cholinergic input to the hippocampus 
originates predominately from the MS (Mesulam et al., 1983). In 192-IgG saporin lesion 
rats, ChAT-immunopositive neurons decreased by ~83%, and accompanied by a large 
decrease in AChE-staining in the hippocampus, as compared to sham-lesion rats. The 
small rotation-induced theta rhythm observed in 192-IgG saporin lesion rats could be 
caused by residual acetylcholine release in the hippocampus, estimated to remain at 30-
40% of control levels (Dornan et al., 1996; McMahan et al, 1997), possibly following 
compensatory up-regulation of synthesis and storage of acetylcholine (Lapchak et al., 
1991; Chang and Gold, 2004).  
This study is the first report of a rotation-induced hippocampal theta rhythm in 
freely behaving rats, although rotation-induced theta rhythm was reported in restrained 
rats (Gavrilov et al., 1995, 1996), in rats paralyzed with curare (Winson, 1976) or made 
cataleptic with haloperidol (Shoham et al., 1989). A rotation-induced theta rhythm has 
been shown in freely behaving mice (Shin et al., 2005; Shin, 2010).  
 
2.4.2 Vestibular stimulation of cholinergic activity in the hippocampus  
The attenuation in theta power during rotation in the sodium arsanilate-lesioned 
rats was due to a lack of vestibular stimulation and not a deficit in septohippocampal 
cholinergic activity. The arsanilate-lesioned rats lost righting with contact placing and 
showed clear damage of the vestibular apparatus, consistent with previous studies (Hunt 
et al., 1987; Shoham et al., 1989; Ossenkopp et al., 1990). No loss of hippocampal AChE 
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staining was found in sodium arsanilate-lesioned rats (data not shown). Shoham et al. 
(1989) showed that rotation on a turntable failed to elicit a theta rhythm in vestibular-
intact or -lesioned rats, pretreated with haloperidol and atropine sulfate, and concluded 
that vestibular signals are not necessary for activation of atropine-resistant theta. I 
showed that vestibular signals are necessary for the activation of an atropine-sensitive 
theta. Signals are relayed from the vestibular nucleus complex to the hippocampus 
through several polysynaptic pathways, among which the hypothalamus-
septohippocampal pathway (Smith 1997; Smith et al., 2005; Hüfner et al., 2007) is likely 
involved in the generation of hippocampal theta activity.  
In this study, atropine-sensitive theta induced by rotation was in the low 
frequency range <7 Hz. Although there are exceptions, atropine-sensitive theta is 
typically of lower frequency (3-7 Hz) as compared to atropine-resistant theta (7-10 Hz) 
(Vanderwolf, 1975; Bland and Oddie, 2001). Gavrilov et al. (1995, 1996) speculated that 
the 7-8.5 Hz (high-frequency) theta recorded during rotation was atropine-resistant, while 
Shin (2010) showed that rotation induced a 7-10 Hz atropine-sensitive theta in mice. A 
contributing factor to this discrepancy is likely the phasic nature of vestibular stimulation 
(over 2.5-4 s) in previous studies as compared to tonic vestibular stimulation (0.5-5 min) 
in the present study.  
I did not find an increase in the power of hippocampal theta activity with higher 
rotation speed, as reported previously by Gavrilov et al (1996). I did find that the theta 
peak frequency was positively correlated with the speed of passive rotation in undrugged 
intact rats. Studies in rats (Vanderwolf, 1969) and dogs (Arnolds et al., 1979) 
demonstrated that theta peak power and frequency increased with the magnitude of 
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voluntary movement. Moreover, in a jump avoidance task, theta peak frequency 
increased with height, prior to and during a jump. Theta peak power decreased with 
height prior to a jump but did not change with height during a jump (Bland et al., 2006).  
 
2.4.3 Cholinergic septohippocampal and vestibular inputs modulates 
theta rhythm during walking 
Hippocampal theta rhythm was observed during walking, following lesion of 
septal cholinergic neurons and vestibular cells. My data on theta peak frequency during 
walking is largely similar to previous studies in which theta peak frequency was 
unaltered following atropine sulfate (Leung et al., 1982; Shoham et al., 1989) and in 192 
IgG-saporin lesion rats (Lee et al., 1994; Yoder and Pang, 2005), but was reduced in 
vestibular lesion rats (Shoham et al., 1989; Russell et al., 2006). In this study, the rise of 
the theta peak was significantly lower following atropine sulfate, compared to the drug-
free condition, consistent with the proposal that both atropine-resistant and atropine-
sensitive components were found in the hippocampal theta rhythm during walking 
(Vanderwolf, 1988; Leung, 1998; Bland and Oddie, 2001). Hippocampal theta rhythm 
seen during voluntary movement was abolished by medial septal lesion or inactivation 
(Green and Arduini, 1954; Leung, 1987; Mizumori et al., 1989). In the absence of 
septohippocampal cholinergic neurons or muscarinic activation, theta rhythmicity may be 
maintained by the septohippocampal GABAergic and glutamatergic neurons (Brazhnik 
and Fox, 1999; Alreja et al., 2000; Yoder and Pang, 2005; Huh et al., 2010). 
My study showed a decrease in theta power following atropine sulfate, however, 
no significant difference was observed in 192 IgG-saporin lesion and vestibular lesion 
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rats, when compared with their respective sham controls. This contrasted with several 
previous studies. Shin (2010) showed no change in theta peak power during walking 
following atropine sulfate in mice, and Russell et al. (2006) reported a reduction in theta 
peak power after surgical ablation of the vestibular apparatus. Intraseptal injection of 192 
IgG-saporin was reported to reduce hippocampal theta peak power (Lee et al., 1994; 
Yoder and Pang, 2005). These previous studies measured the absolute power at theta 
peak frequency while my study measured the rise of theta peak, which is a more reliable 
measure of the magnitude of the theta rhythmic oscillation, since the absolute power at 
the theta frequency also includes power of the irregular slow activity (Leung et al., 1982).  
 
2.4.4 Vestibular activation modulates hippocampal synaptic 
transmission 
A measure of cholinergic modulation of hippocampal synaptic transmission was 
shown by the behavioural dependence of the Schaffer-collateral evoked apical-dendritic 
fEPSPs in CA1 (Leung, 1980; Leung and Vanderwolf, 1980; Leung and Peloquin, 2010). 
As reported previously in drug-free rats, the slope of fEPSP at the apical dendritic layer 
of CA1 was smaller during walking than immobility, and this behavioral modulation was 
abolished by atropine sulfate. The latter behavioural modulation was not found in 192 
IgG-saporin and vestibular lesion rats. The present report provides a new result that 
passive rotation, as compared to awake-immobility, decreased the apical dendritic 
fEPSPs in CA1, and this decrease was not found in 192 IgG saporin and vestibular lesion 
rats. The lack of cholinergic modulation during rotation in IgG saporin and vestibular 
lesion rats is consistent with the concept that vestibular stimulation excites 
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septohippocampal cholinergic neurons, which releases acetylcholine that modulates 
hippocampal apical dendritic synaptic transmission (Leung and Peloquin, 2010).   
 
2.4.5 Conclusion 
This study highlights the finding that rotation activates a cholinergic input from 
the medial septum to the hippocampus, mediating synaptic modulation and an atropine-
sensitive theta rhythm in the hippocampus of behaving rats. Atropine-sensitive theta 
induced during vestibular stimulation may participate in sensorimotor processing (Bland 
and Oddie, 2001), and may represent the cholinergic activation that is necessary for 
spatial memory function (Givens and Olton, 1995; Hasselmo, 2006; Roland et al., 2008). 
Studies demonstrating that vestibular stimulation has a positive effect on cognition have 
been reviewed recently (Smith et al., 2010a, 2010b). In humans, caloric stimulation has 
been suggested to improve verbal and spatial memory (Bachtold et al., 2001). In addition, 
galvanic vestibular stimulation relieved symptoms of prosopagnosia (Wilkinson et al., 
2005) and spatial neglect (Rorsman et al., 1999). Hippocampal-dependent cognitive 
abilities are greatly compromised in patients suffering from Alzheimer’s disease, with 
degeneration of cholinergic neurons in the basal forebrain (MS included) as a classic 
pathology (Wu et al., 2005; Wenk, 2006). Since vestibular stimulation activates a 
cholinergic septal input to the hippocampus, it may be suggested that vestibular 
stimulation may remedy some of cognitive deficits of Alzheimer’s disease. 
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Chapter 3 
Vestibular Stimulation Enhances Hippocampal Long-
term Potentiation via Activation of Cholinergic 
Septohippocampal Neurons 
 
3.1 Introduction  
 
 Acetylcholine modulates a wide array of cognitive functions, including arousal, 
attention, learning and memory (Jerusalinsky et al., 1997; Sarter et al., 2005; Hasselmo, 
2006). Cholinergic input to the hippocampus originating predominantly from medial 
septum (MS) is particularly important for learning and memory (Mesulam et al., 1983a; 
Mesulam et al., 1983b; Kesner, 1988; Givens and Olton, 1990). Selective ablation of 
septal cholinergic neurons by intraseptal microinjection of the immunotoxin 192 
immunoglobulin G-saporin (192 IgG-saporin) caused spatial learning and memory 
impairments in some (Shen et al., 1996; Walsh et al., 1996; Chang and Gold, 2004) but 
not all experiments (Berger-Sweeney et al., 1994; Baxter et al., 1995; McMahan et al., 
1997). Nonetheless, degeneration of cholinergic neurons in the basal forebrain, including 
MS, forms the basis of the cholinergic hypothesis of Alzheimer’s disease (Bartus et al., 
1982; Francis et al., 1999). 
 Long-term potentiation (LTP), a long-lasting increase in synaptic transmission, 
was first described in the hippocampus of anesthetized and behaving animals (Bliss and 
Lomo, 1973; Bliss and Gardner-Medwin, 1973). LTP is widely regarded as a cellular 
correlate of learning and memory (Martin et al., 2000; Abraham and Williams, 2003; 
Neves et al., 2008). There is experimental evidence that acetylcholine modulates 
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hippocampal LTP. Application of cholinergic agonists enhanced hippocampal LTP in 
vitro (Blitzer et al., 1990; Auerbach and Segal, 1996; Shimoshige et al., 1997). In 
anesthetized rats, hippocampal LTP was facilitated by tetanic stimulation of the MS, and 
this facilitation was blocked by systemic administration of muscarinic cholinergic 
antagonists (Ovsepian et al., 2004). However, these studies failed to address the effect of 
physiologically released acetylcholine on hippocampal LTP in behaving animals. 
Our laboratory has reported that basal-dendritic LTP in hippocampal CA1 was 
enhanced when induced during walking while hippocampal EEG showed a theta rhythm, 
compared to that induced during immobility when large-amplitude irregular activity was 
observed. Moreover, the systemic muscarinic cholinergic antagonist scopolamine or 
lesion of septohippocampal cholinergic neurons by 192 IgG-saporin attenuated LTP 
induced during walking without affecting LTP induced during immobility (Leung et al., 
2003). These results were consistent with previous findings that more acetylcholine was 
released during walking than immobility (Dudar et al., 1979) and acetylcholine release 
was highly correlated with the appearance of hippocampal theta rhythm (Zhang et al., 
2010) and positively correlated with theta frequency in anesthetized rats (Keita et al., 
2000). I have shown recently that vestibular stimulation generated a cholinergic, 
atropine-sensitive theta rhythm and modulated synaptic transmission in the hippocampus 
of behaving rats (Chapter 2; Tai et al., 2011). In anesthetized rats, caloric vestibular 
stimulation resulted in an increase in hippocampal acetylcholine level (Horii et al., 1994; 
Horii et al., 1995). Therefore, activation of the vestibular system provides a good model 
to investigate cholinergic modulation of LTP in behaving rats. I hypothesize that (1) basal 
dendritic LTP in CA1 induced during passive rotation (SPIN) was larger than that 
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induced during awake-immobility (IMM), and (2) the enhanced LTP induced during 
SPIN as compared IMM is due to the activity of cholinergic septohippocampal cells. 
 
3.2 Material and methods  
3.2.1 Lesion and control rats 
Experiments were conducted on 15 adult male Long Evans hooded rats (244-310 
g; Charles River Canada, Quebec, Canada). All animals were given food and water ad 
libitum and housed in pairs in Plexiglas cages under climate-controlled conditions on a 
12 h light/dark cycle (lights on at 7:00 A.M.). Three groups of rats were used: (i) intact 
rats with no lesions, (ii) rats with cholinergic neurons in the MS lesioned by 192 IgG-
saporin (192 IgG-SAP), and (iii) sham-lesion rats with saline infused in the MS. All 
experimental procedures were approved by the local Animal Use Committee and 
conducted according to the guidelines of Canadian Council for Animal Care. All efforts 
were taken to minimize the pain and suffering of animals. 
 
3.2.2 Electrode implantation  
Under sodium pentobarbital (60 mg/kg i.p.) anesthesia, bipolar electrodes were 
placed bilaterally in the dorsal hippocampus (P +4.6 mm, L ±2.8 mm; P +3.2 mm, L ±1.7 
mm) as described previously (Leung et al., 2003; Luo and Leung, 2010). Coordinates 
were adapted from the atlas of Paxinos and Watson (Paxinos and Watson, 1997). Each 
electrode comprised of a 125 µm stainless steel wire insulated with Teflon, except at the 
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cut tip and were used for either recording or stimulating. Recording electrodes were 
implanted to straddle the cell layer of CA1, with the deep electrode in the stratum 
radiatum and the surface electrode in the alveus or stratum oriens (referred to as the 
stratum oriens electrode). Stimulating electrodes were placed in the stratum oriens on the 
same side anterior to the recording electrodes, or homotopically on the opposite side. 
Two screws in the skull over the frontal cortex and the cerebellum served as the stimulus 
anode and the recording ground respectively. The depths of stimulating and recording 
electrodes were optimized by monitoring evoked potentials during surgery. All electrodes 
and screws were fixed on the skull with dental cement. Hippocampal EEGs and evoked 
potentials were recorded at least one week after electrode implantation. 
 
3.2.3 Lesion of cholinergic cells in the medial septum 
Cholinergic neurons in the MS were lesioned using 192 IgG-saporin (Advanced 
Targeting Systems, San Diego, CA) under sodium pentobarbital (60 mg/kg i.p.) 
anesthesia. It consists of a p75 receptor antibody 192 IgG which is conjugated to saporin, 
a ribosome-inactivating toxin. Given that cholinergic neurons are the only cells in the MS 
region that express p75 receptor, 192 IgG-saporin destroys cholinergic neurons without 
affecting non-cholinergic cells (Wiley et al., 1991; Ma et al., 2004). 192 IgG-saporin was 
diluted with sterile saline, loaded into a Hamilton syringe, and infused bilaterally into the 
MS (A +0.5, L ±0.5). For each lateral track, the 30-gauge cannula was first lowered to V 
5.7, and then to V 7.8. At each of the two depths, 0.4 µl of 192 IgG-saporin (0.35 µg/µl) 
was infused at a constant rate of 0.5 µl/10 minutes by an infusion pump (Harvard 
Apparatus, South Natick, MA). After each infusion, the needle remained in place for 10 
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minutes. Sham lesion rats were infused with equal volumes of saline. 192 IgG-saporin 
and saline-infused rats were implanted with depth electrodes immediately or 1-2 days 
after MS infusion. Hippocampal EEGs and evoked potentials were recorded 2-4 weeks 
following lesion. 
 
3.2.4 Recording and analysis of evoked potentials 
Animals were habituated to the recording environment for at least 2 days, prior to 
the start of experiments. Recording was carried out between 10:00 A.M. and 7:00 P.M. 
Photoisolated current stimulus pulses (0.2 ms) were delivered cathodally to one 
stimulating electrode, using a screw in the skull as the anode. Monopolar recordings were 
made with a skull screw serving as both the reference and the ground. A stimulating 
electrode, ipsi- or contra-lateral to a recording pair of CA1 electrodes, evoked a basal-
dendritic field excitatory postsynaptic potential (fEPSP) when a negative field potential 
was evoked at the surface (stratum oriens) electrode and a positive potential was evoked 
at the deep (stratum radiatum) electrode. Two channels of evoked responses were filtered 
at 0.1 Hz to 3 kHz and sampled at 10 kHz, and averaged evoked potentials (AEPs) of 
eight sweeps were acquired online by a custom microcomputer program. 
AEPs were recorded during awake-immobility before and after LTP induction. 
Baseline AEPs were recorded for 1-2 h. LTP was induced by a high-frequency stimulus 
train (tetanus) delivered either during awake-immobility or passive rotation described 
below. The train consisted of 100 pulses at 200 Hz (5 ms interpulse interval) at a stimulus 
intensity of 1-1.5X the fEPSP threshold (the lowest stimulus intensity at which an evoked 
response can be visually detected). Generally, tetanus did not evoke an afterdischarge. 
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However, a few experiments in which a short (<15 s) afterdischarge was evoked were 
included, since the magnitude of LTP (expressed at a ratio of the baseline) was similar to 
experiments without afterdischarge (Leung and Shen, 1993). Following tetanus, AEPs 
were recorded at “fixed” times at 5, 10, 15, 20, 30, 60, 90, 120, 150 and 180 min. 
Previous data showed that LTP magnitude was not significantly different among test 
pulses of 1.5-2X threshold intensity (Leung and Shen, 1995); therefore, all AEPs were 
recorded with test pulse of 1.5X the fEPSP threshold. Input-output curves were obtained 
from fEPSP responses of five different stimulus intensities (1, 1.2, 1.5, 2 and 4 times the 
fEPSP threshold) recorded during baseline, at 1 h and 2 h after tetanus. The maximal 
slope of the fEPSP during the falling or rising phase (within 2 ms interval) was measured 
from the AEPs. The baseline value was obtained by averaging the last six AEPs (over 30-
60 min period) before tetanus. For each experiment, the response after tetanus was 
normalized by the baseline average. 
 
3.2.5 Experimental design 
In the first experiment, intact rats were given tetanus during awake-immobility or 
rotation. During awake-immobility (IMM), the motionless rat was in an alert state with 
eyes opened and head held against gravity. For rotation (SPIN), the rat was placed in a 
small container (26 x 23 x 21 cm) and electrodes connected through a slide-wire 
commutator. A steel rod connected to the base of the container was inserted into the shaft 
of a drill that was adjusted to rotate at 36-49 rpm in a vertical axis. In Chapter 2, when 
the rat was rotated at various speeds - low (20-35 rpm), medium (36-49 rpm) and high 
(50-70 rpm), a stable hippocampal theta rhythm was observed during periods of 
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immobility (Tai et al., 2011). In this study, only medium speed (36-49 rpm) was used 
because it produced more consistent and longer periods of immobility as compared to 
low speed. LTP was induced during immobility or rotation (during a period of 
immobility). 
In the second experiment, rats were injected with muscarinic cholinergic receptor 
antagonist atropine sulfate (50 mg/kg, i.p.) or an equal volume of saline 15 min before 
tetanus during rotation. Experiments were conducted in a random order with at least 5 d 
between treatments. In the third experiment, instead of injecting atropine sulfate or saline 
(i.p.), 192 IgG-saporin or sham lesioned rats were used. Tetanus was administered during 
awake-immobility or rotation.  
In all experiments, LTP tests were conducted in a random order using the same 
tetanic stimulus parameters. Tetanus was given up to 5 times, separated by at least 5 days, 
in each rat. 
 
3.2.6 Histology 
At the end of experiments, rats were deeply anesthetized with 30% urethane and 
perfused through the heart with 400 ml of cold saline followed by 500 ml of cold 4% 
paraformaldehyde solution in 0.1 M phosphate buffer (PB; pH 7.4). The brain was 
removed and post-fixed in the latter solution at 4oC. Acetylcholinesterase (AChE) 
staining was performed on hippocampal sections. Choline acetyltransferase (ChAT) and 
parvalbumin (Parv) immunohistochemistry were carried out on MS sections. Using a 
freezing microtome, the hippocampus was sectioned at 40 µm within 12 hrs of fixing 
while the rest of the brain was kept in 18% sucrose in phosphate-buffered saline for at 
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least 72 hrs at 4oC. For the AChE staining, hippocampal sections were mounted on 
chrome-alum gelatin coated slides. AChE staining protocol was modified from the Koelle 
copper thiocholine method (Koelle GB and Friedenwald JS, 1949), using 
acetylthiocholine iodide as a false substrate to tag the AChE enzyme and ethopropazine 
as an inhibitor of non-specific cholinesterases. 
For the ChAT and Parv staining, the MS was sectioned at 40 µm and they were 
first incubated in 1% sodium borohydride in 0.1 M PB for 15 minutes and subsequently 
rinsed in PB. To block non-specific labeling, they were incubated in 10% normal goat 
serum (Sigma-Aldrich, St. Louis, MO) in 0.1 M PB containing 0.1% Triton X-100 
(Sigma-Aldrich) for 1 hr at room temperature. The sections were rinsed briefly in PB and 
incubated at 4oC for 48 hrs in primary antibody solution containing mouse monoclonal 
ChAT (1:200; Cedarlane, Burlington, Ontario, Canada) or Parv (1:100; Sigma-Aldrich) 
in 1% normal goat serum. Sections were rinsed in three changes of PB and followed by 
incubation in biotin-conjugated goat anti-mouse secondary antiserum (1:200; Jackson 
ImmunoResearch, West Grove, PA) for 1 hr in room temperature. The sections were then 
rinsed several times in PB. ABC complex solution (Vector Laboratories, Burlington, 
Ontario, Canada) was prepared 20 minutes before use by adding equal volumes of 
solutions A and B in PB (1:1:100). The sections were incubated in the ABC complex 
solution for 1 hr at room temperature. Following three washes in PB, the sections were 
incubated in a solution containing 0.05% diaminobenzidine tetrahydrochloride (DAB, 
Sigma-Aldrich) and 0.03% hydrogen peroxide in PB at room temperature in a fume hood 
until they reached the desired color intensity (1-3 min). The sections were then rinsed 
several times in PB, mounted on glass slides. Finally, they were dehydrated in a series of 
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70%, 95% and 100% ethyl alcohol, cleared in xylene (5 minutes x 2) and cover-slipped 
with DePex (BDH, VWR International Mississauga, Ontario, Canada) mounting medium. 
The number of ChAT- and Parv-positive cells was quantified in three 
representative coronal sections (40 µm) at anterior (~A 0.7), middle (~A 0.4) and 
posterior (~A 0.2) levels of the medial septum-diagonal band of Broca region. Images of 
selected sections were captured with a digital camera using x100 magnification in a 
microscope, and cells were counted from the digital images by another person who was 
unaware of the treatment history. Electrode placements were histologically verified in 40 
µm thionin-stained brain sections. 
 
3.2.7 Statistical analysis 
One- or two-way ANOVAs were carried out, followed by Newman-Keuls post-
hoc if the main or interaction effect was statistically significant (P < 0.05). All statistical 
analyses were performed using Prism 4.0 (GraphPad Software Inc., La Jolla, CA) and GB 
Stat (Dynamic Microsystems Inc., Silver Spring, MD). 
 
3.3 Results 
Ipsilateral or contralateral stimulation of stratum oriens in CA1 (Fig. 3.1A) 
evoked a typical basal dendritic fEPSP which was negative at the alveus or stratum oriens 
electrode and positive at the deep electrode in the stratum radiatum (Fig. 3.1B, C). The 
hippocampal EEG displayed large-amplitude irregular activity during immobility (IMM; 
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Fig. 3.1 Recording of hippocampal basal-dendritic evoked potential and EEG using 
implanted electrodes in CA1. (A, B) Representative coronal sections showing locations 
of (A) the anterior stratum oriens stimulating electrode L1 at P3.2, L1.7, (B) the posterior 
surface alvear L4 and deep L3 stratum radiatum recording electrode pair at P4.6, L2.8. 
(C) Representative basal-dendritic average fEPSP at L3 and L4 following cathodal 
stimulation of L1; stimulus artifacts are indicated by filled circles. (D, E) EEG from L3 
and L4 were recorded around the time of tetanus (Tet; dotted line) during awake-
immobility (IMM; D) and rotation (SPIN; E). Note the presence of a theta rhythm during 
rotation and large-amplitude irregular activity during immobility. 
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Fig. 3.1D) and a theta rhythm during rotation (SPIN; Fig. 3.1E). The average stimulus 
intensity for a single-pulse (0.2 ms duration) fEPSP threshold response (23 ± 2 µA, n = 
15 rats) or for tetanic stimulation (27 ± 2 µA, n = 30 sessions), was not significantly 
different across experimental groups (one-way ANOVA, P > 0.1). In each rat, AEPs 
elicited prior to tetanus by the same stimulus intensity were analyzed. The average slope 
(n = 12 sessions) had decayed to 85.7 ± 2.9 % at the stratum oriens electrode and 88.3 ± 
3.5 % at the stratum radiatum electrode, compared to the previous session. 
After a 0.5-s 200-Hz train stimulation of stratum oriens, enhancement of basal 
dendritic fEPSPs was found at both stratum oriens and stratum radiatum 
recordingelectrodes. The figures will present only the negative fEPSPs recorded at the 
alveus/stratum oriens electrode, which was directly generated by a basal dendritic 
excitatory sink in CA1 (Leung and Peloquin, 2010). 
 
3.3.1 Induction of basal-dendritic LTP in normal intact rats 
LTP was shown as an increase in the slope and peak of the fEPSPs, above that 
during baseline. The LTP induced during IMM peaked at about 2 times the average 
baseline slope immediately after tetanus, and then gradually declined to about 1.5 times 
baseline slope at 180 min after tetanus (Fig. 3.2A, B). LTP induced during passive 
rotation (SPIN) showed a magnitude larger than that induced during IMM, but with a 
similar time course (Fig. 3.2A, B). Repeated measures block two-way ANOVA revealed 
significant group (SPIN vs IMM) and interaction effects for the potentiation recorded at 
the stratum oriens electrode (group effect, F(1,4) =  22.93, P < 0.009; group x time, F(9,36) 
= 35.40, P < 0.0001). Newman-Keuls post-hoc tests showed a significant difference 
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Fig. 3.2 Basal-dendritic LTP was larger when induced during rotation (SPIN) than when 
induced during immobility (IMM) in intact rats. (A) Traces of fEPSP at the stratum 
oriens electrode of a representative rat at baseline (before tetanus), 30, 60 and 180 min 
after tetanus. To facilitate comparison, the fEPSPs were scaled to make the peak 
amplitudes of the baseline response appear identical. (B) Normalized fEPSP slope (mean 
± SEM) was plotted as a function of time. The maximal falling slope of the fEPSP 
(within 2 ms interval) after tetanus was normalized by the grand average of the last six 
average fEPSPs taken prior to tetanus. LTP was larger when tetanus was delivered during 
SPIN than during IMM, as confirmed by a significant repeated measures block two-way 
(group x behavior) ANOVA. (C) Normalized fEPSP slope was plotted as a function of 
stimulus intensity (X threshold) 1h after LTP induction during IMM or SPIN. * P < 0.01: 
difference between IMM and SPIN using Newman-Keuls test following a significant 
repeated measures block two-way ANOVA. 
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between SPIN and IMM at all time points except 120 min post-tetanus (P < 0.01). In 
addition, there was a significant difference in the LTP at the stratum radiatum electrode 
(group: F(1,4) = 17.18, P < 0.02; group x time: F(9,36) = 9.57, P < 0.0001; repeated 
measures block two-way ANOVA). For stratum radiatum electrode, Newman-Keuls 
post-hoc tests revealed significance at 5-15 min post-tetanus (P < 0.01). 
Input-output curves of the fEPSP slopes at the stratum oriens electrodes, recorded 
at 1h after tetanus, also confirmed that LTP was larger when induced during SPIN as 
compared that induced during IMM, at different stimulus intensities (Fig. 3.2C). 
Repeated measures block two-way ANOVA showed significant group and 
interactioneffects between SPIN and IMM for the potentiation recorded 1h post-tetanus 
(group: F(1,4) = 15.51, P < 0.02; group x stimulus intensity: F(4,16) = 7.11, P < 0.002). 
Newman-Keuls post-hoc tests revealed that a significant difference between SPIN and 
IMM at stimulus intensities 1.5-4X fEPSP threshold (P < 0.01). 
 
3.3.2 Effect of muscarinic cholinergic blockade on LTP during rotation 
Since caloric stimulation of the vestibular receptors increased hippocampal 
acetylcholine levels (Horii et al., 1994; Horii et al., 1995) and recent evidence suggests 
that theta rhythm during passive rotation is atropine-sensitive (Tai et al., 2011; Shin et al., 
2005; Shin, 2010), the increased cholinergic activity during rotation may be responsible 
for the facilitation of LTP. Therefore, to elucidate the involvement of cholinergic 
muscarinic receptors in LTP during rotation, rats were injected with atropine sulfate (50 
mg/kg, i.p.) or an equal volume of saline 15 min before tetanus. At the stratum oriens 
electrode, the average LTP induced during rotation following atropine sulfate injection 
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Fig. 3.3 Rotation-associated enhancement of LTP was suppressed by muscarinic 
cholinergic antagonist atropine sulfate (50 mg/kg, i.p.). (A) Traces of fEPSP at the 
stratum oriens electrode of a representative rat at baseline (before tetanus), 30, 60 and 
180 min after tetanus, with tetanus given during rotation at 15min after administration of 
atropine sulfate or saline. The fEPSPs were scaled to make peak amplitudes of the 
baseline responses appear identical. (B) Normalized fEPSP slopes (mean ± SEM) with 
LTP induced during rotation after injection of either atropine sulfate or saline. A repeated 
measures block two-way ANOVA revealed a significant treatment effect. * P < 0.05: 
difference between saline and atropine sulfate using Newman-Keuls test following a 
significant repeated measures block two-way ANOVA. 
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was smaller than that induced following saline injection (Fig. 3.3). Repeated measures 
block two-way ANOVA revealed a non-significant main effect (F(1,4) = 6.68, P = 0.061), 
but a significant interaction effect (F(9,36) = 31.85, P < 0.0001). Newman-Keuls post-hoc 
tests showed that LTP, when tetanized during rotation, was significantly smaller after 
atropine sulfate than after saline at times 5-60 min and 150 min after tetanus (P < 0.05). 
Similarly, when measured at the stratum radiatum electrode, LTP following atropine 
sulfate was smaller than that following saline as shown by a non-significant main effect 
(F(1,4) = 5.53, P = 0.078) and a significant interaction effect (F(9,36) =  30.76, P < 0.0001; 
repeated measures block two-way ANOVA). Newman-Keuls post-hoc tests revealed 
significance at 5-15 min post-tetanus (at least P < 0.05). 
 
3.3.3 Effect of lesion of septohippocampal cholinergic cells on LTP 
To investigate whether cholinergic septohippocampal neurons contribute to 
hippocampal LTP, cholinergic neurons were lesioned by bilateral infusion of 
cholinotoxin 192 IgG-SAP into the MS. Both groups of rats, control sham-lesion (n = 4) 
and 192-IgG-SAP lesion (n = 6) groups, showed that LTP was induced during either 
IMM or SPIN, at both stratum oriens and stratum radiatum electrodes. In sham-lesion 
rats, LTP was larger when the tetanus was delivered during SPIN than during IMM (Fig. 
3.4A, C). At the stratum oriens electrode, repeated measures block two-way ANOVA 
showed significant main (F(1,3) =  142.45, P < 0.002) and interaction (F(9,27) = 2.51, P < 
0.04) effects, with significant differences between SPIN and IMM revealed by Newman-
Keuls post-hoc tests at all times except 90 min post-tetanus. At the stratum radiatum 
electrode, LTP induced during SPIN as compared that induced during IMM was  
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Fig. 3.4 Cholinergic lesion of the medial septum (MS) abolished the difference in 
hippocampal basal-dendritic LTP induced during immobility (IMM) and rotation (SPIN). 
(A, B) Traces of fEPSP at the stratum oriens electrode of representative rats at baseline 
(before tetanus), 30, 60 and 180 min after tetanus in sham-lesion (A) and 192 IgG-saporin 
(192 IgG-SAP) lesion rats (B). The fEPSPs were scaled to make peak amplitudes of the 
baseline responses appear identical in A and B. (C, D) Normalized fEPSPs slopes (mean 
± SEM) were larger when tetanus was induced during SPIN compared to during IMM in 
sham-lesion rats (C). However, this behavioral modulation of LTP was absent in 192 
IgG-SAP lesion rats (D). A repeated measures block two-way ANOVA revealed a 
significant IMM versus SPIN effect in sham-lesion rats but not in the 192 IgG-SAP 
lesion rats. * P < 0.05: difference between IMM and SPIN using Newman-Keuls test 
following a significant repeated measures block two-way ANOVA. 
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Fig. 3.5 Photomicrographs of representative coronal sections of the medial septum (MS) 
and the hippocampus in a sham-lesion and a 192 IgG-saporin (192 IgG-SAP) lesion rat. 
(A) Choline acetyltransferase (ChAT)- and parvalbumin (Parv) immunohistochemistry 
were performed on MS sections. (B) Hippocampal sections were stained for 
acetylcholinesterase (AChE). Note that there is a reduction of ChAT-immunopositive 
cholinergic neurons in the MS and a depletion of hippocampal AChE, as shown by a 
lighter stain, in the 192 IgG-SAP lesion rat. Parv-immunopositive GABAergic neurons in 
the MS were not affected. Solid and open arrows point to a ChAT- and Parv-
immunopositive cell respectively. 
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Fig. 3.6 Counts of choline acetyltransferase (ChAT)- and parvalbumin (Parv)-
immunopositive cells from coronal sections of the medial septum (MS) of 192 IgG-
saporin (192 IgG-SAP) lesion rats (n = 6) and sham-lesion rats (n = 4). (A) A significant 
decrease in the number of ChAT-immunopositive cholinergic neurons in 192 IgG-SAP as 
compared to sham lesion rats was observed in MS sections at three different anterior-
posterior levels. (B) The number of Parv-immunopositive GABAergic neurons was not 
significantly different between sham and 192 IgG-SAP lesion rats. Values are expressed 
as mean ± SEM. * P < 0.01: difference between 192 IgG-SAP lesion and sham-lesion 
rats at a particular level, using Newman-Keuls test after a significant two-way ANOVA. 
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enhanced for the entire 180 min post-tetanus, as demonstrated by Newman-Keuls post-
hoc tests after a significant interaction effect (F(9,27) = 4.36, P < 0.002) without a 
significant main effect (F(1,3) = 8.14, P = 0.065; repeated measures block two-way 
ANOVA). 
In contrast, distinct from sham-lesion rats, LTP induced during SPIN was not 
significantly different from that during IMM in 192 IgG-SAP lesion rats (Fig. 3.4B, D). 
At the stratum oriens electrode, repeated measures block two-way ANOVA did not show 
any significant main (F(1,5) = 4.13, P = 0.10) or interaction (F(9,45) = 0.74, P = 0.67) 
effectin 192 IgG-SAP lesion rats. Likewise, at the stratum radiatum electrode, there was 
no significant main (F(1,5) = 0.35, P = 0.58) or interaction (F(9,45) = 0.41, P = 0.92) effect 
in 192 IgG-SAP lesion rats. 
When compared to control sham-lesion rats (n = 4), a decrease in the number of 
ChAT-immunopositive cells in the MS was found in 192 IgG-SAP lesion rats (n = 6; Fig. 
3.5A, 3.6A). Two-way (group x section location) ANOVA showed a significant 
reduction in the number of ChAT-immunopositive neurons in 192 IgG-SAP lesion rats, 
as compared to sham-lesion rats (F (1,2) = 154.64, P < 0.0001; Fig. 3.6A). Newman-Keuls 
post-hoc test displayed a significant decrease in the number of ChAT-immunopositive 
cells in 192 IgG-SAP lesion as compared to sham-lesion rats in all three frontal levels (P 
< 0.01, respectively). By contrast, the number of Parv-immunopositive cells in 192 IgG-
SAP lesion rats was not different from that in sham-lesion rats, as confirmed by a two-
way ANOVA (F(1,2) = 1.06, P = 0.31; Fig. 3.5A, 3.6B). Moreover, there was a marked 
loss of AChE staining in the hippocampus in 192 IgG-SAP lesion rats, as compared with 
sham-lesion rats (Fig. 3.5B). 
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3.4 Discussion 
 This present study provides original results that vestibular stimulation by passive 
whole-body rotation enhanced hippocampal basal-dendritic LTP in freely behaving rats. 
LTP was facilitated when tetanus was delivered during rotation as compared to during 
awake-immobility. Systemic muscarinic cholinergic blockade by atropine sulfate or 
selective cholinotoxic (192 IgG-saporin) lesion of the MS abolished the enhancement of 
LTP. Therefore, LTP enhancement is mediated by activation of septohippocampal 
cholinergic neurons during rotation. 
 
3.4.1 Vestibular stimulation enhances LTP 
 Basal dendritic LTP was enhanced when the tetanus was delivered during walking 
as compared to during awake-immobility (Leung et al., 2003). This is consistent with my 
results in which facilitation of LTP was observed when the rat was tetanized during 
whole-body passive rotation compared to during awake-immobility. A recent study 
showed that bilateral ablation of the vestibular apparatus had no effect on hippocampal 
LTP in behaving rats (Zheng et al., 2010). However, the latter study did not investigate 
LTP induced during different behaviors such as walking and rotation. To the best of my 
knowledge, there have been no studies demonstrating that vestibular stimulation can 
enhance hippocampal LTP in behaving rats.  
Previous studies suggested that vestibular and other sensory information are 
transmitted to and processed in the hippocampus to facilitate spatial navigation (Berthoz, 
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1996; Etienne and Jeffery, 2004; Tsanov and Manahan-Vaughan, 2008). Vestibular 
inputs are necessary for path integration (O'Keefe and Nadel, 1978; Mittelstaedt and 
Mittelstaedt, 1980; McNaughton et al., 1996; McNaughton et al., 2006). Passive rotation 
has been shown to modulate the activity of place cells (Knierim et al., 1995; Wiener et 
al., 1995) while bilateral vestibular inactivation or damage abolished location-specific 
firing of place cells (Stackman et al., 2002; Russell et al., 2003). I suggest here that 
vestibular stimulation enhanced hippocampal LTP, which may be necessary for the 
formation of place fields (Muller et al., 1996; Dragoi et al., 2003; Isaac et al., 2009). 
Degradation of hippocampal place fields during walking by muscarinic blockade 
(Brazhnik et al., 2003) suggests that acetylcholine in the hippocampus is involved in 
place field formation, perhaps by enhancing LTP. 
Besides depolarization by blocking potassium conductances (Krnjevic, 1993; 
Madison et al., 1987) and disinhibition by suppressing GABA release (Krnjevic et al., 
1988), acetylcholine in the hippocampus may potentiate basal-dendritic LTP by 
facilitating NMDA receptors and their signaling pathways (Markram and Segal, 1992; 
Marino et al., 1998). LTP in hippocampal CA1 is sensitive to NMDA receptor 
antagonists including open-channel blocker MK-801 (Abraham and Mason, 1988; Leung 
and Shen, 1999). Moreover, NMDA receptor antagonists, including MK-801, dose-
dependently impaired air righting, a set of complex movements requiring an intact 
vestibular labyrinth (Wayner et al., 2000). 
I showed that LTP was larger when induced in the presence of a rotation-induced 
hippocampal theta rhythm than when induced during immobility when theta was absent. 
A theta rhythm was observed during passive rotation (Tai et al., 2011) and walking while 
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large irregular activity was observed during immobility (Vanderwolf, 1975; Leung, 
1998). Walking (Dudar et al., 1979) and caloric vestibular stimulation (Horii et al., 1994; 
Horii et al., 1995) were shown to increase acetylcholine level in the hippocampus, and a 
high acetylcholine level was associated with the presence of a theta rhythm (Zhang et al., 
2010; Keita et al., 2000; Vanderwolf, 1975; Leung, 1998; Leung and Vanderwolf, 1980). 
I showed here that muscarinic cholinergic activation during a rotation-induced theta 
rhythm is required for the enhancement of LTP. GABAergic and glutamatergic neurons 
in the MS may participate in generating a theta rhythm (Brazhnik and Fox, 1999; Alreja 
et al., 2000; Yoder and Pang, 2005; Huh et al., 2010), but the participation of these non-
cholinergic inputs in hippocampal LTP during rotation and walking has not been shown. 
 
3.4.2 Septohippocampal cholinergic modulation of LTP 
Several in vitro studies have demonstrated a cholinergic enhancement of 
hippocampal LTP using cholinergic agonists or AChE inhibitors (Blitzer et al., 1990; 
Shimoshige et al., 1997; Hirotsu et al., 1989). In anesthetized rats, hippocampal LTP 
facilitated by tetanic stimulation of the MS was blocked by systemic administration of 
muscarinic cholinergic antagonists (Ovsepian et al., 2004). The duration of LTP in the 
dentate gyrus was prolonged after treatment with AChE inhibitors in aged behaving rats 
(Barnes et al., 2000). An AChE inhibitor physostigmine also facilitated basal dendritic 
LTP in CA1 of behaving rats during awake-immobility (Doralp and Leung, 2008). 
I demonstrated that atropine sulfate and selective lesion of septohippocampal 
cholinergic neurons blocked the enhancement of LTP induced during rotation. Septal 
infusion of cholinotoxin 192 IgG-saporin effectively eliminated ~80% of cholinergic 
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ChAT-immunopositive cells, without affecting GABAergic Parv-immunopositive cells. 
Since the MS is the main source of acetylcholine for the hippocampus (Mesulam et al., 
1983a; Mesulam et al., 1983b; Bagnoli et al., 1981), blockade of cholinergic influence on 
hippocampal physiology, in this case LTP, is expected to decrease drastically. The 
present results are consistent with previous studies in finding that pretreatment with 
muscarinic receptor antagonist scopolamine or specific M1 receptor antagonist 
pirenzepine or with septal 192-IgG-saporin lesion abolished the facilitation of LTP by 
walking as compared to immobility (Leung et al., 2003; Doralp and Leung, 2008). These 
results led us to propose that vestibular stimulation activates septohippocampal 
cholinergic neurons that release acetylcholine in the hippocampus, modulating 
hippocampal synaptic transmission and plasticity. 
   
3.4.3 Conclusion 
 This present study provides original results that vestibular stimulation by passive 
whole-body rotation activates a septohippocampal cholinergic input, leading to 
enhancement of basal dendritic LTP in hippocampal CA1 of behaving rats. Activation of 
the vestibular system is a good model to investigate cholinergic modulation of LTP in 
behaving rats. Besides participating in formation of spatial memory (Hasselmo, 2006; 
Givens and Olton, 1995; Roland et al., 2008), septohippocampal cholinergic neurons may 
also be important for sensorimotor processing in which activation of the vestibular 
system provides a sensory signal to assist in motor planning (Bland and Oddie, 2001). A 
number of studies have demonstrated that vestibular stimulation can improve cognition in 
humans (reviewed in (Smith et al., 2010a; Smith et al., 2010b; Utz et al., 2010). Given 
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that synaptic plasticity is altered in patients with Alzheimer’s disease (Gong and Lippa, 
2010) and degeneration of basal forebrain cholinergic neurons is a pathological hallmark 
of this disease (Bartus et al., 1982; Francis et al., 1999; Wu et al., 2005; Wenk, 2006), 
vestibular stimulation may provide a novel treatment to improve hippocampal-dependent 
cognitive deficits in affected patients. 
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Chapter 4 
Activation of Septohippocampal GABAergic Neurons 
Facilitates Population Spike and Modulates Single Unit 
Activities in the Dentate Gyrus 
 
4.1 Introduction  
 
As a result of the pathological loss of cholinergic neurons in the basal forebrain 
observed in patients with Alzheimer’s disease, much attention has been focused on the 
cholinergic neurons in the medial septum (MS) which are the primary source of 
acetylcholine (Mesulam et al., 1983; Nyakas et al., 1987) for the hippocampus, a 
structure important in memory function (Givens and Olton, 1990; Chang and Gold, 
2004). However, other neurons in the MS such as the septohippocampal GABAergic cells 
which are known to selectively innervate hippocampal GABAergic interneurons (Freund 
and Antal, 1988) may also play a role. Several selective immunotoxin lesion studies 
indicated that the integrity of septal GABAergic neurons, but not septal cholinergic 
neurons, is essential for spatial performance in rats. For instance, depletion of cholinergic 
neurons by intraseptal injection of the immunotoxin 192 immunoglobulin G-saporin (192 
IgG-saporin) produced no or mild effects in spatial memory tasks (Berger-Sweeney et al., 
1994; Baxter et al., 1995; Dornan et al., 1997; McMahan et al., 1997; Pang and Nocera, 
1999), but some impairments were reported in other studies (Walsh et al., 1996; Chang 
and Gold, 2004). Recently, lesion of septal GABAergic neurons with orexin-saporin 
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impaired spatial memory in the Morris water maze (Smith and Pang, 2005; LeCourtier et 
al., 2010). 
Hippocampal theta rhythm, an EEG wave implicated in sensorimotor integration, 
learning and memory, has a frequency that ranges from 3 to 6 Hz in anesthetized rats and 
from 4 to10 Hz in behaving animals (Bland, 1986; Leung, 1998; Buzsaki, 2002). 
Previous studies, primarily using muscarinic receptor antagonist atropine, suggested that 
spontaneous theta in urethane-anesthetized rats (Stumpf, 1965; Kramis et al., 1975; 
Monmaur et al., 1993) and immobility-related theta in behaving rats (Monmaur and 
Breton, 1991) depend on septal cholinergic input. However, several studies have shown 
otherwise. For example, lesion of cholinergic cells by intracerebroventricular injection of 
192 IgG-saporin failed to abolish spontaneous hippocampal theta in anesthetized rats 
(Apartis et al., 1998) or immobility-related theta in freely moving (Bassant et al., 1995) 
and unanesthetized restrained rats (Apartis et al., 1998). In addition, GABAergic septal 
cells displayed tight phase coupling (i.e. firing preferentially at theta peak or trough) with 
hippocampal theta (Borhegyi et al., 2004; Varga et al., 2008). Meanwhile, cholinergic 
septal cells did not show theta-related burst or tonic activity (Simon et al., 2006), 
suggesting that GABAergic septal cells play a key role in theta generation.  
Septal pulse stimulation prior to perforant path pulse stimulation facilitated the 
dentate population spike (Fantie and Goddard, 1982; Bilkey and Goddard, 1985). This 
facilitation was eliminated by hippocampal administration of the GABAA receptor 
antagonist picrotoxin (Bilkey and Goddard, 1985), but was unaffected by systemic 
injections of muscarinic and nicotinic cholinergic antagonists (Fantie and Goddard, 
1982), implying that septal facilitation is GABA-mediated. However, it is unclear if 
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GABAergic neurons in the MS or the hippocampus are involved. In the present study, 
selective lesion of septal GABAergic neurons was carried out by intraseptal infusion of 
orexin-saporin as outlined previously (Berchtold et al., 2002; Smith and Pang, 2005; 
LeCourtier et al., 2010). EEGs and evoked field potentials were recorded in the DG of 
urethane-anesthetized and behaving rats, following paired-pulse stimulation of the medial 
perforant path (MPP). Unit activities were also recorded in anesthetized rats. I 
hypothesize that the loss of septal GABAergic cells reduces the disinhibition of granule 
cells by enhancing hippocampal GABAergic inhibition. Preliminary results of this report 
were presented in an abstract (Tai and Leung, 2009). 
 
4.2 Material and methods 
 
4.2.1 Lesion, sham and control rats  
Experiments were conducted on 62 adult male Long Evans hooded rats (250-420 
g; Charles River Canada, St. Constant, Quebec, Canada). All animals were given food 
and water ad libitum and housed in pairs in Plexiglas cages under climate-controlled 
conditions on a 12 h light/dark cycle (lights on at 7:00 A.M.). Three groups of rats were 
used: (i) rats with septal GABAergic neurons lesioned with orexin-saporin, (ii) rats with 
saline infused into the MS (Sham) and (iii) control rats consisting of intact rats with no 
lesions. All experimental procedures were approved by the local Animal Use Committee 
and conducted according to the guidelines of Canadian Council for Animal Care. All 
efforts were taken to minimize pain and suffering of animals. 
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4.2.2 Lesion of GABAergic cells in the medial septum 
GABAergic neurons in the MS were lesioned using orexin-saporin (Advanced 
Targeting Systems, San Diego, CA) under sodium pentobarbital (60 mg/kg i.p.) 
anesthesia. Orexin-saporin is a neurotoxin created by conjugating the orexin-2 receptor-
binding ligand orexin to a ribosome-inactivating toxin saporin. Although orexin-2 
receptor is highly expressed in both GABAergic and cholinergic neurons in the MS, a 
dose of 100 ng/µl was shown to preferentially eliminate GABAergic cells while leaving 
most cholinergic cells intact (Smith and Pang, 2005). Orexin-saporin was diluted with 
sterile saline to 100 ng/µl. Two 30-gauge needles, each attached to a Hamilton syringe, 
were inserted bilaterally into the MS (A +0.5, L ±0.5; units in mm) using the atlas of 
Paxinos and Watson (1997). The needles were first lowered to 5.7 mm ventral to the skull 
surface (V) where 0.3 µl of orexin-saporin was injected, and then to V 7.8 where 0.4 µl 
was injected. Sham rats were infused with sterile saline in the same manner. All infusions 
were performed at a constant rate of 0.5 µl/10 minutes via an infusion pump (Harvard 
Apparatus, South Natick, MA). The needles remained in place for 10 minutes after each 
infusion. Hippocampal EEGs, evoked potentials and single unit activities were recorded 
2-4 weeks following lesion.  
 
4.2.3 Electrophysiological procedure in anesthetized rats 
Under urethane anesthesia (1.2–1.5 g/kg i.p.), the rat was placed in a stereotaxic 
frame and maintained at a body temperature of 37oC. The recording electrode (16-
channel silicon probe or tungsten microelectrode) was positioned in the dentate gyrus 
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(DG; P 3.8-4.2, L 2.4-3). Stimulating electrodes (125 µm Teflon-insulated wires except at 
the cut tip) were placed in the PNO (P 7.5, L 1, V 7-8) and medial perforant path (MPP; P 
8, L 4-4.5, V 3.3-3.6). A jeweller's screw in the skull plate over the frontal cortex served 
as the anode, while another screw over the cerebellum served as a recording ground. 
Cathodal stimulus currents were delivered (with pulse duration of 0.2 ms) through a 
photo-isolated stimulus isolation unit (PSIU6, Astro-Med/Grass Instruments, West 
Warwick, RI). Stimulation repetition rate was at 0.1 Hz. At the end of the experiments, 
lesion was made by passing a DC current of 0.3 mA for 0.5 s through the stimulating 
electrodes.  
In a urethane-anesthetized rat, hippocampal theta rhythm occurs spontaneously or 
more reliably induced by tail pinching or electrical stimulation of the brainstem such as 
the PNO (Vertes, 1981; Bland et al., 1994; Heynen and Bilkey, 1994; Jiang and Khanna, 
2004). Signals triggering theta arise from the PNO ascend to the MS before reaching the 
hippocampus (Bland, 1986; Vertes and Kocsis, 1997; Takano and Hanada, 2009). As a 
result, electrical stimulation of PNO induces a hippocampal theta in anesthetized rats 
(Barrenechea et al., 1995; Kirk et al., 1996; Teruel-Marti et al., 2008; Leung and 
Peloquin, 2010). In my experiments, a 100-Hz train stimulation of 1 s duration was 
applied to PNO (pulses of 150 µA and 0.2 ms duration) to elicit a hippocampal theta 
rhythm (Leung and Peloquin, 2010), with thresholds 60 - 75 µA. PNO-induced theta had 
amplitude and phase profiles that resembled the physiological theta (Heynen and Bilkey, 
1994). Direct stimulation of the MS was not used in this study because it would directly 
activate all septal neurons simultaneously without reliably inducing a hippocampal theta 
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rhythm (Kramis et al., 1980); in addition, backfiring of hippocamposeptal afferents is 
possible. 
 
4.2.4 Recordings from the 16-channel probe in anesthetized rats 
Silicon recording probes (NeuroNexus Technologies, Ann Arbor, MI) had 16 
recording sites spaced 50 µm apart on a vertical shank. The signals were amplified 200–
1000x by preamplifier and amplifier, passed through a high-pass filter with 0.08 Hz 
corner frequency, and acquired by custom made software using a Tucker Davis 
Technologies (Alachua, FL) real-time processor system RA-16 (Townsend et al., 2002; 
Leung and Peloquin, 2010). Single and averaged (n = 4) sweeps were stored and one-
dimensional current source density (CSD) as a function of depth z and time t was 
calculated by a second-order differencing formula (Freeman and Nicholson, 1975; Leung, 
2010):  
 CSD (z, t) = σ [2Φ(z, t) – Φ(z + ∆z, t) – Φ(z - ∆z, t)]/ (∆z)2 
 
where Φ(z, t) is the potential at depth z and time t, ∆z is the spacing (50 µm) between 
adjacent electrodes on the 16-channel probe. Since simultaneously acquired signals were 
sufficiently noise free, no spatial smoothing of the CSDs was necessary. The conductivity 
σ was assumed to be constant and the CSDs were reported in units of V/mm2. 
Field potentials recorded from the probe were subjected to CSD analysis. The 
excitatory current sink (E1) was measured by its maximal slope during the falling phase 
at the depth of the sink maximum (i.e., the middle third of the molecular layer). The 
population spike amplitude (P1) was measured from the CSD trace at the granule cell 
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layer by dropping a vertical line from the negative sink to the tangent between the two 
positive peaks. A paired-pulse stimulation protocol consisted of two pulses of equal 
stimulus intensity delivered to MPP at various interpulse intervals (30, 50, 80, 100, 150, 
200 and 400 ms). The stimulus intensity of these pulses (P1) was set at 50-70% of the 
maximal population spike amplitude. The magnitude of the inhibitory effect of 
hippocampal GABAergic interneurons on the activity of granule cells was reflected by 
the P2/P1 (or E2/E1) ratio which was calculated by dividing the amplitude (or slope) of 
the second or test pulse P2 (or E2) by that of the first or conditioning pulse P1 (or E1). 
The larger the ratio, the smaller is the effect of inhibition.  
After 1 s of PNO activation, 1.67 s of EEG was analyzed by Fast Fourier 
Transform and shown as autopower spectra with 0.75 Hz resolution (Leung, 1985). Only 
the electrode of the silicon probe (4-6th electrode, in the molecular layer) showing the 
largest theta power was used for analyzing theta power. Theta peak frequency and power 
were measured at the peak of the power spectra. 
 
4.2.5 Recordings from the tungsten microelectrode in anesthetized rats 
Single unit activity and evoked field potentials in the granule cell layer were 
recorded using an epoxylite-insulated tungsten microelectrode (9-12 MΩ impedance at 1 
kHz; FHC Inc., ME) lowered using an Inchworm piezoelectric micromanipulator (Exfo 
Burleigh Products Group, Victor, NY). Localization was assessed by the characteristic 
waveforms elicited by MPP stimulation and by the increase in unit activity upon entering 
CA1 and dentate cell layer. The signal was amplified (100x for field potentials, 5000x for 
unit activity) and filtered (band-pass 1-10 kHz for field potentials, 500–5 kHz for unit 
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activity). The signal was digitized at 100 kHz using SciWorks 7 program (DataWave 
Technologies, Berthoud, CO). Units that crossed a set detection threshold were recorded 
and analyzed off-line. Interneurons and granule cells were distinguished on the basis of 
their waveform parameters (e.g. spike width and valley amplitude) such that they form 
separate dense patches of points (clusters). To improve clustering, principal component 
analysis (PCA) was used. It maps the data from a high-dimensional space to a space with 
lower (fewer) dimensional in a way that variance of the data is maximized. Therefore, the 
first principal component (PC1) represents the direction with the largest variation.  
Spontaneous units (n = 37) prior to MPP stimulation but immedidately following 
PNO stimulation were analyzed. In the paired-pulse stimulation experiment, unit 
recordings were made with 20 and 25 ms IPIs. Since 20 ms IPI resulted in greater paired 
pulse depression than 25 ms IPI, only units evoked by the test pulse with 20 ms IPI (n = 
24) were presented in this study. Histograms showing temporal relations of unit 
occurrences to itself (autocorrelogram) and to the occurrence of units in the other 
identified cluster (cross-correlogram) were plotted. In addition, peristimulus time 
histograms showing the timing of unit firings upon the onset of the conditioning MMP 
pulse was plotted. The firing frequency of a cell at each bin was divided by the total 
firing frequency of each cell following each pulse of MPP stimulation. Bin size for all 
histograms was set at 1 ms. Probability of activation of each cluster was calculated from 
unit activities of at least 25 paired-pulse responses at five different stimulus intensities 
(below EPSP threshold, EPSP threshold, above EPSP threshold, population spike 
threshold, above population spike threshold).  
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4.2.6 Electrophysiological procedure and recordings in behaving rats 
Under sodium pentobarbital (60 mg/kg i.p.) anesthesia, bipolar electrodes were 
placed bilaterally in the DG (P 3.8, L 2.5). Recording electrodes were implanted such that 
the deep and surface electrodes were located in the polymorphic (hilus) and the molecular 
layers respectively. The dorsal-ventral depth was optimized by monitoring field 
potentials while stimulating the ipsilateral MPP (P 7.5, L 4.4, V 3.3-3.6). Each electrode 
comprised of a 125-µm stainless steel wire insulated with Teflon, except at the cut end. A 
jeweler’s screw, placed over the occipital bone plate, served as recording reference. 
Additional screws were inserted to anchor the implant to the skull. All electrodes and 
screws were fixed on the skull with dental cement.  
After allowing at least 7 days to recover from the last surgery, hippocampal EEG 
and field potentials was recorded during awake immobility and walking. During awake 
immobility (Imm), the rat stood motionless in an alert state with eyes opened and head 
held above ground. Walking behavior (Walk) consisted of horizontal walking and 
rearing. EEG recorded from the surface electrode was sampled at 200 Hz after averaging 
5 consecutive samples digitized at 1 KHz, which contributed 3 dB and 10 dB attenuation 
points at 84 Hz and 180 Hz, respectively. Artifact-free segments of the EEG were 
manually selected, with each segment consisting of 1024 points or 5.12 s duration. A 
power spectrum was constructed from at least 6 segments, and after smoothing and 
averaging, spectral estimates had 0.195 Hz resolution, 2.15 Hz bandwidth (interval of 
smoothing) and >60 degrees of freedom (Leung, 1985).  
Field potentials from the deep electrodes were recorded, following paired-pulse 
stimulation of the ipsilateral MPP at various interpulse intervals (20, 30, 50, 80, 100, 150 
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and 200 ms). In each rat, an average evoked potential (average of 8 sweeps) was recorded 
following stimulation at two times the population spike threshold (25-120 µA, 0.2 ms 
pulse duration, repeated at 0.1 Hz). The population spike amplitudes (P1 and P2) were 
measured by dropping a vertical line from the trough to the tangent between the two 
positive peaks. Walking-to-immobility ratio was calculated by dividing the population 
spike amplitude during walking by that during immobility. P2/P1 ratio was calculated in 
the same manner as in anesthetized rats.  
 
4.2.7 Histology 
Rats were deeply anesthetized with 30% urethane and perfused through the heart 
with 400 ml of cold saline followed by 500 ml of cold 4% paraformaldehyde solution in 
0.1 M phosphate buffer (PB; pH 7.4). The brain was removed and post-fixed overnight in 
the latter solution at 4oC. Later, the brain was immersed in 18% sucrose in phosphate-
buffered saline for at least 72 hrs at 4oC. Choline acetyltransferase (ChAT) and 
parvalbumin (Parv) immunohistochemistry were carried out on MS sections. Using a 
freezing microtome, the MS was sectioned at 40 µm and they were first incubated in 1% 
sodium borohydride in 0.1 M PB for 15 minutes and subsequently rinsed in PB. They 
were incubated in 10% normal goat serum (Sigma, St. Louis, MO) in 0.1 M PB 
containing 0.1% Triton X-100 (Sigma) for 1 hr at room temperature to block non-specific 
labeling. The sections were rinsed briefly in PB and incubated at 4oC for 48 hrs in 
primary antibody solution containing mouse monoclonal ChAT (1:200; Cedarlane, 
Burlington, Ontario, Canada) or Parv (1:100; Sigma-Aldrich, St. Louis, MO) in 1% 
normal goat serum. Sections were rinsed in three changes of PB and followed by 
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incubation in biotin-conjugated goat anti-mouse secondary antiserum (1:200; Jackson 
ImmunoResearch, West Grove, PA) for 1 hr in room temperature. The sections were then 
rinsed several times in PB. ABC complex solution (Vector Laboratories, Burlington, 
Ontario, Canada) was prepared 20 minutes before use by adding equal volumes of 
solutions A and B in PB (1:1:100). The sections were incubated in the ABC complex 
solution for 1 hr at room temperature. Following three washes in PB, the sections were 
developed in a solution containing 0.05% diaminobenzidine tetrahydrochloride (DAB, 
Sigma) and 0.03% hydrogen peroxide in PB at room temperature in a fume hood until 
they reached the desired color intensity (1-3 min). The sections were then rinsed several 
times in PB, mounted on glass slides. Finally, they were dehydrated in a series of 70%, 
95% and 100% ethyl alcohol, cleared in xylene (5 minutes x 2) and cover-slipped with 
DePex (BDH, VWR International Mississauga, Ontario, Canada) mounting medium. 
The number of ChAT- and Parv-positive cells was quantified in three 
representative coronal sections (40 µm) at anterior (~A 0.7), middle (~A 0.4) and 
posterior (~A 0.2) levels of the medial septum-diagonal band of Broca region. Images of 
selected sections were captured with a digital camera using x100 magnification in a 
microscope, and cells were counted from the digital images by a person who was 
unaware of the treatment history. Electrode placements were histologically verified in 40 
µm thionin-stained brain sections (DG: Fig. 4.1A, MPP: Fig. 4.1B, PNO: Fig. 4.1C). 
 
4.2.8 Statistical analysis 
Student’s t-tests (paired and unpaired) were performed. In addition, one- or two-
way ANOVAs (randomized and repeated) were carried out, followed by post-hoc 
134 
 
Bonferroni or Fisher’s Least Significant Difference tests if the main or interaction effect 
was statistically significant (P < 0.05). Fisher’s exact test was used on frequency 
occurrence data. All statistical analyses were performed using Prism 4.0 (GraphPad 
Software Inc., La Jolla, CA) and GB Stat (Dynamic Microsystems Inc., Silver Spring, 
MD). 
 
4.3 Results 
 
4.3.1 Effect of orexin-saporin lesion on theta rhythm and population 
spike in anesthetized rats 
 In both control and lesion rats, high-frequency stimulation of the PNO for 1 s 
activated a hippocampal theta rhythm during and after stimulation (Fig. 4.1D, E). The 
EEG at the DG molecular layer immediately after PNO stimulation was analyzed by 
power spectra. The peak theta frequency was not significantly different (unpaired t-test, P 
= 0.36) between control (2.90 ± 0.08 Hz, n = 9) and lesion rats (2.65 ± 0.25 Hz, n = 9). 
However, peak theta power was lower in lesion rats (0.06 ± 0.23 log units) as compared 
to control rats (0.78 ± 0.08 log units; P < 0.01, unpaired t-test; Fig. 4.1E). 
 Stimulation of MPP evoked a negative field potential (-100 µm depth in Fig. 
4.2A1, B1) corresponding to an excitatory synaptic sink (E1 in Fig. 4.2A2, B2) in the 
middle molecular layer. This synaptic current flowed into the middle dendrites (sink) and 
out of the distal dendrites and the soma (source: -250 to -150 µm and 0 to 50 µm depth in 
Fig. 4.2A2, B2). Meanwhile, a population spike appeared as a sink (P1 in Fig. 4.2A2, B2) 
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Fig. 4.1 Electrode placements and hippocampal theta rhythm following electrical 
stimulation of pontis nucleus oralis (PNO). (A-C) Representative coronal sections stained 
with thionin showing the locations of the 16-channel silicon recording probe (arrow) in 
the dentate gyrus (DG, in A) and the stimulating electrodes in the medial perforant path 
(MPP, in B) and PNO (C). (D) Electroencephalogram (EEG) was recorded in the DG of 
control rats during baseline without (upper trace) or with high frequency 1-s stimulation 
of PNO (lower trace). (E) Power spectra were constructed from the last 1.67 s of artifact-
free EEG shown in D, and the average power spectra for different conditions were 
plotted. Although PNO stimulation induced a hippocampal theta rhythm (θ) in control (n 
= 9) and lesion rats (n = 9), a reduction in theta peak power was observed in orexin-lesion 
rats. 
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Fig. 4.2 (A-B) Depth profiles of averaged evoked potentials (A1, B1) and its 
corresponding current source densities on the right (A2, B2) following PNO stimulation 
(dotted traces) in control and lesion rats. Baseline conditions (No PNO) are displayed as 
solid traces. Stimulation of the medial perforant path at an intensity 50-70 % of the 
maximal population spike amplitude resulted in a dendritic excitatory sink (E1, empty 
arrow) at depth -100 µm, accompanied by a population spike (P1, filled arrow) in the 
granule cell layer (GC) at depth 0 µm. (C) E1 slopes during baseline or following PNO 
stimulation was not significantly different between control (n = 9) and lesion (n = 9) rats. 
(D) P1 amplitude following PNO stimulation as compared to baseline was larger in 
control rats (n = 9), but not in lesion rats (n = 9). Values are expressed as mean + SEM. * 
P < 0.01: difference between baseline (No PNO) and PNO stimulation, using paired t-
test. 
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superimposed on the rising phase of the synaptic current source at the granule cell layer, 
reflecting the synchronous firing of granule cells.  
At a stimulus intensity that evoked 50-70 % of the maximal population spike 
amplitude, the slopes of fEPSP (empty arrow in Fig. 4.2A2) were not affected in control 
rats with (dotted traces; -1813 ± 225 V/mm2/ms) and without PNO stimulation (solid 
traces; -1727 ± 241 V/mm2/ms) in control rats (P = 0.25, paired t-test; n = 9; Fig. 4.2C). 
Similar results were also found in lesion rats (Fig. 4.2B2). A paired t-test reported no 
significant difference between baseline (no PNO: -1287 ± 192 V/mm2/ms) and PNO 
stimulation (-1210 ± 174 V/mm2/ms) in lesion rats (P = 0.10, n = 9; Fig. 4.2C).  
When compared to baseline (no PNO stimulation), a larger MPP-evoked 
population spike (filled arrow; P1) was observed following PNO stimulation in control 
rats (Fig. 4.2A2), but not in lesion rats (Fig. 4.2B2). In control rats, paired t-tests showed 
a significant increase in P1 amplitude of 26.4 ± 8.8 % following PNO stimulation as 
compared to baseline (baseline: 1097 ± 155 V/mm2 vs PNO: 1411 ± 223 V/mm2; P < 
0.01). In lesion rats, no significant difference in P1 amplitudes was observed between 
baseline (1176 ± 164 V/mm2) and PNO stimulation (1241 ± 192 V/mm2; P = 0.45; Fig. 
4.2D). 
 
4.3.2 Effect of orexin-saporin lesion on paired-pulse responses in 
anesthetized rats 
To study the strength of inhibition exerted by hippocampal GABAergic 
interneurons on granule cells, paired pulses were delivered to MPP at various interpulse 
intervals at an intensity that evoked 50-70% of the maximal population spike amplitude. 
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In control and lesion rats, paired-pulse excitatory sink responses at the dendrites of 
granule cells (E2/E1 ratio) were largely depressed at >50 ms IPI. E2/E1 ratios were not 
significantly different between baseline and PNO stimulation in control (Fig. 4.3A) or 
lesion rats (Fig. 4.3B), as shown by a repeated measures two-way ANOVA (control: F 
(1,16) = 0.23, P = 0.64; lesion: F (1,16) = 0.02, P = 0.90).  
In control rats, paired-pulse population spike responses recorded at the granule 
cell layer (P2/P1 ratio) during baseline condition were facilitated at IPI 50-200 ms, and 
depressed at 400 ms (Fig. 4.3C). Following PNO stimulation as compared to baseline, a 
decrease in P2/P1 ratio was observed and paired-pulse depression occurred at 150-400 ms 
IPI. Repeated measures two-way ANOVA revealed a significant decrease in P2/P1 ratio 
following PNO stimulation as compared to baseline (F (1,16) = 15.71, P < 0.002). 
Bonferroni posthoc tests showed a difference in P2/P1 ratio between baseline and PNO 
stimulation at all IPIs except at 30, 50 and 400 ms. In contrast, no significant change in 
P2/P1 ratio were observed in lesion rats between PNO stimulation and baseline 
conditions (Fig. 4.3D), as confirmed with a repeated measures 2-way ANOVA (F (1,16) = 
1.53, P = 0.23).  
In addition, P2/P1 ratios during baseline condition were significantly larger in 
control rats (Fig. 4.3C) as compared to lesion rats (Fig. 4.3D). In control rats, paired-
pulse facilitation peaked at 50 ms IPI with P2/P1 ≈ 2, while in lesion rats, paired-pulse 
facilitation peaked at 80 ms IPI with P2/P1 ≈ 1.7. Two-way ANOVA showed that P2/P1 
ratio was lower in lesion rats as compared to control rats (F (1,112) = 12.32, P < 0.0007). 
On the contrary, there was no significant difference in P2/P1 ratios following PNO 
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Fig. 4.3 Paired-pulse responses as a function of interpulse interval (IPI). Paired pulses 
were delivered to MPP at various IPIs (30 - 400 ms) at an intensity that evoked 50-70% 
of the maximal population spike amplitude. Paired-pulse responses are expressed as a 
ratio of the excitatory current sink evoked by the 2nd pulse (E2) to that evoked by the 1st 
pulse (E1) recorded at the middle molecular layer, or a ratio of the population spike sink 
evoked by the 2nd pulse (P2) to that evoked by the 1st pulse (P1) recorded at the granule 
cell layer. No significant difference in E2/E1 ratios was found between baseline (No 
PNO) and PNO stimulation in control (n = 9; A) and lesion rats (n = 9; B). Paired-pulse 
population spike responses (P2/P1) decreased following PNO stimulation in control rats 
(C), but not in lesion rats (D). Values are expressed as mean ± SEM. * P < 0.01, ** P < 
0.001: difference between baseline (No PNO) and PNO stimulation, using Bonferroni test 
after a significant repeated two-way ANOVA. 
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stimulation between control and lesion rats, as shown by a two-way ANOVA (F (1,112) = 
0.09, P = 0.76). 
 
4.3.3 Effect of orexin-saporin lesion on single units in anesthetized rats 
Interneurons and granule cells were distinguished on the basis of their waveform 
parameters and firing patterns. They appeared as separate clusters after spike sorting (Fig. 
4.4A). When compared with granule cells (green), interneurons (red) had a narrower 
spike width and deeper valley due to a fast afterhyperpolarization, largely caused by 
voltage-gated Kv3 channels (Du et al., 1996; Martina et al., 1998; Rudy and McBain, 
2001; Fig. 4.4A). Autocorrelation function showed an interneuron that fired rhythmically 
at a frequency of ~ 4 Hz, while no obvious rhythmicity was observed in the granule cell 
(Fig. 4.4B). Since most principal cells innervate adjacent interneurons via axon 
collaterals, interneurons were shown to fire shortly after principal cells (Csicsvari et al., 
1998). This is demonstrated in a cross-correlogram that showed an interneuron firing 
with a peak latency of 2 ms following a granule cell (Fig. 4.4C).   
Analysis of spontaneous unit activity in the time window (40 ms) immediately 
after PNO stimulation but before the MPP stimulus pulse showed that the probability of 
granule cell activation was significantly higher following PNO stimulation than during 
baseline condition in sham rats (n = 18; Fig. 4.5A), as confirmed by repeated measures 
two-way ANOVA (F (1,136) = 15.09, P < 0.0003). In contrast, in lesion rats (n = 19), there 
was no significant difference between granule cell activities observed following PNO 
stimulation as compared to baseline (repeated measures two-way ANOVA; F (1,144) = 
2.93, P = 0.09). In addition, the probability of granule cell activation was significantly 
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Fig. 4.4 Identification of interneurons and granule cells. (A) Spike sorting was carried out 
to distinguish interneurons (red) and granule cells (green) from each other such that 
clusters were formed in x-y plot (left). The x-axis represents the amplitude of the valley 
(V2) following the positive component and the y-axis represents the first principal 
component (PC1) which corresponds to the direction with the largest variation after 
principal component analysis (PCA). PCA transforms the data to a space with fewer 
dimensions while maximizing variance. Individual traces were superimposed and the 
average waveform of each cell type is displayed in white (right). Interneurons had a 
narrower spike width and deeper valley (V2) as compared to granule cells. (B) 
Autocorrelograms of an interneuron and a granule cell; the vertical axis represents the 
number of times the cell fired in each time bin before and after each spike. The 
interneuron displayed a rhythmic firing pattern at a frequency of 4 Hz (left), but not the 
granule cell (right). (C) Cross-correlogram of interneuronal firing with respect to firing of 
a granule cell at time zero on the horizontal axis. The vertical axis represents the number 
of times the interneuron fired at a time ± 0.5 ms after the granule cell. The interneuron 
fired at a peak latency of 2 ms after a granule cell. Bin size of all histograms is 1 ms. 
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Fig. 4.5 Probability of unit activation (mean and SEM in one direction) in the 40-ms time 
window immediately following PNO stimulation and before MPP stimulation. For each 
unit, firing in each 5-ms bin was evaluated in at least 25 sweeps of PNO stimulation or 
baseline. Following PNO stimulation, (A) granule cells were more active in sham (n = 19 
cells) than lesion rats (n = 18 cells), whereas (B) interneurons were more active in lesion 
than sham rats. * P < 0.05: difference between baseline (No PNO) and PNO stimulation, 
using Bonferroni test after a significant repeated two-way ANOVA. 
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higher in sham rats than in lesion rats following PNO stimulation (two-way ANOVA; F 
(1,280) = 6.29, P < 0.02). However, there was no significant difference between sham and 
lesion rats during baseline condition as confirmed by a two-way ANOVA (F (1,280) = 2.43, 
P = 0.12).  
The probability of spontaneous interneuron activity was significantly higher 
following PNO stimulation than during baseline condition in lesion rats (n = 19; Fig. 
4.5B), as confirmed by repeated two-way ANOVA (F (1,144) = 17.29, P < 0.0001). 
Bonferroni posthoc tests showed a difference at 15 ms prior to MPP pulse stimulation (P 
< 0.05). In sham rats (n = 18), interneuron activity showed a trend of increase following 
PNO stimulation as compared to baseline (repeated two-way ANOVA; F (1,136) = 3.51, P 
= 0.06). The probability of interneuron activation was not significantly different between 
sham and lesion rats during baseline condition (two-way ANOVA; F (1,280) = 2.06, P = 
0.15) or following PNO stimulation (F (1,280) = 0.79, P = 0.37).  
To evaluate the activity of DG cells following paired-pulse stimulation of MPP 
(IPI = 20 ms) at a stimulus intensity above population spike threshold, peristimulus time 
histograms were plotted such that the firing frequency of a cell at each bin (1 ms) was 
normalized with respect to the total firing frequency of each cell following a pulse of 
MPP stimulation. In sham (n = 9 cells) and lesion rats (n = 15 cells), units began firing 1-
2 ms after each pulse. Granule cell and interneuron activity was maximal at 3 ms after the 
conditioning pulse. Interneuron activity peaked 3 ms after the test pulse, whereas granule 
cell activity peaked later (7-9 ms) after the test pulse. PNO stimulation did not 
significantly alter the firing frequency of granule cells (Fig. 4.6A, B) and interneurons 
(Fig. 4.6C, D) in sham and lesion rats following each pulse (at least P > 0.3, repeated 
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measures two-way ANOVA). Additionally, granule cell and interneuron firing frequency 
between sham (Fig. 4.6A, C) and lesion rats (Fig. 4.6B, D) following each pulse remain 
unchanged with (P > 0.6) and without PNO stimulation (P > 0.7, two-way ANOVA). 
Granule cells (Fig. 4.7A) and interneurons (Fig. 4.7B) exhibited a high probability 
of activation by the conditioning pulse when MPP stimulus intensity was at (level 4) or 
above the population spike threshold (level 5). As stimulus intensity increases, the 
probability of granule cell activation was significantly lower in lesion rats (n = 19) than 
in sham rats (n = 18). Two-way ANOVA revealed that granule cells were less active in 
lesion rats, compared to sham rats (F (1,175) = 16.28, P < 0.0001; Fig. 4.7A). However, no 
significant difference in the probability of interneuron activation as a function of stimulus 
intensity between sham and lesion rats, as demonstrated by a two-way ANOVA (F (1,175) 
= 0.27, P = 0.61; Fig. 4.7B).  
At stimulus intensity above population spike threshold, the probability of granule 
cell activation by the conditioning pulse was lower in lesion rats (n = 19) than in sham 
rats (n = 18) with (P < 0.05) or without PNO stimulation (P < 0.04, unpaired t-tests; Fig. 
4.7C). However, no significant difference was observed between baseline condition and 
PNO stimulation in sham (P = 0.62) and lesion rats (P = 0.83, paired t-tests). In addition, 
the probability of granule cell activation by the test pulse was not significantly different 
between sham (n = 9) and lesion (n = 15) rats regardless of PNO stimulation (at least P > 
0.4, unpaired t-tests; Fig. 4.7E). Moreover, there was no significant difference in the 
activity evoked by the test pulse between baseline condition and PNO stimulation, in 
either sham or lesion rats (at least P > 0.5, paired t-tests). Furthermore, no significant 
difference in interneuron activity evoked by the conditioning pulse was observed between 
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Fig. 4.6 Normalized peristimulus time histograms (PETHs) of granule cells and 
interneurons in sham and lesion rats. Granule cells (A, B) and interneurons (C, D) 
following paired-pulse stimulation of MPP (IPI = 20 ms) at a stimulus intensity above 
population spike threshold were recorded and plotted as PETHs (bin size = 1 ms) such 
that the firing frequency of a cell at each bin was normalized with respect to the total 
firing frequency of each cell following a pulse of MPP stimulation. PNO stimulation did 
not alter the firing frequency of granule cells and interneurons in sham (n = 9 cells) and 
lesion rats (n = 15 cells). 
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Fig. 4.7 Probability of activation of units by conditioning (1st) and test (2nd) stimulus 
pulses delivered to the medial perforant path (MPP) in sham and lesion rats. The 
probability of granule cell (A) and interneuron (B) activation was calculated from unit 
activities of at least 25 paired-pulse sweeps for each of five different stimulus intensities 
(1: below EPSP threshold, 2: EPSP threshold, 3: above EPSP threshold, 4: population 
spike threshold, 5: above population spike threshold). As stimulus intensity increases, 
firing probability of granule cells was lower in lesion rats (n = 19 cells) as compared to 
sham rats (n = 18 cells; two-way ANOVA, P < 0.0001). (C-F) At stimulus intensity 5 
(above population spike threshold), the probability of granule cell (C, E) and interneuron 
(D, F) activation by the conditioning and test pulses were analyzed. Evoked activity 
among granule cells following conditioning pulse was lower in lesion rats (n = 19 cells) 
than in sham rats (n = 18 cells), with or without PNO stimulation (C). Evoked activity in 
interneurons by the test pulse (F) was reduced following PNO stimulation as compared to 
baseline in lesion rats (n = 15 cells). Values are expressed as mean + SEM. # P < 0.05: 
difference between sham and lesion rats, using unpaired t-tests. * P < 0.05: difference 
between baseline condition (No PNO) and PNO stimulation in lesion rats, using paired t-
test. 
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sham (n = 18) and lesion (n = 19) rats (at least P > 0.4, unpaired t-tests), with or without 
PNO stimulation (at least P > 0.1, paired t-tests; Fig. 4.7D). The probability of 
interneuron activation evoked by the test pulse following PNO stimulation, as compared 
to baseline, was lower in lesion rats (n = 15; P < 0.05), but not significantly different in 
sham rats (n = 9; P = 0.50, paired t-tests; Fig. 4.7F). However, no significant difference 
in interneuron activity evoked by the test pulse was observed between sham and lesion 
rats, for a given condition (baseline or PNO stimulation) (at least P > 0.5, unpaired t-
tests). 
 
4.3.4 Effect of orexin-saporin lesion in behaving rats 
To investigate hippocampal function without the influence of anesthesia, EEG at 
the molecular layer and field potentials at the hilus were recorded via the surface and 
deep electrodes respectively during walking (Walk) and awake immobility (Imm). In 
sham and lesion rats, a theta rhythm was observed during walking, but not during awake 
immobility. Theta peak frequency was not significantly different between sham (7.18 ± 
0.69 Hz, n = 3) and lesion rats (7.49 ± 0.17 Hz, n = 4; P = 0.64, unpaired t-test; Fig. 
4.8A). Similarly, no significant difference in theta peak power was found between sham 
(4.05 ± 0.29 log units) and lesion rats (3.96 ± 0.28 log units; P = 0.83, unpaired t-test; 
Fig. 4.8B).  
Stimulation of MPP (25-120 µA) evoked a population spike at the hilus. At a 
stimulus intensity which was two times the population spike threshold, the amplitudes of 
population spike (an average of eight sweeps) were measured and expressed as a ratio of 
the amplitude evoked during walking to that evoked during immobility. Walking-to- 
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Fig. 4.8 Effect of orexin-saporin on theta rhythm and paired-pulse responses in behaving 
rats. In sham (n = 3) and lesion rats (n = 4), EEG at the molecular layer (A, B) and field 
potentials at the hilus (C, D) were recorded during walking and awake immobility. Power 
(arbitrary logarithmic units) and frequency (Hz) at theta peak were obtained from power 
spectra following fast Fourier Transform (FFT) of artifact-free EEG segments recorded 
during walking. Theta peak frequency (A) and power (B) were not significantly different 
between sham and lesion rats. In each rat, an average evoked potential (average of 8 
sweeps) was recorded following paired-pulse stimulation of the ipsilateral MPP at 
various interpulse intervals (20, 30, 50, 80, 100, 150 and 200 ms). Stimulus intensity was 
fixed at two times the population spike threshold. Population spike amplitudes (P1 and 
P2) were measured and expressed as P2/P1 ratio. When compared to immobility (Imm), 
paired-pulse population spike responses (P2/P1) increased at 30 ms and decreased at 80-
100 ms during walking (Walk) in sham rats (C), whereas paired pulse facilitation 
occurred at 30 ms in lesion rats (D). Values are expressed as mean ± SEM. * P < 0.01: 
difference between baseline (No PNO) and PNO stimulation, using Fisher’s Least 
Significant Difference test after a significant repeated two-way ANOVA. 
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immobility population spike ratio was not significantly different between sham (1.02 ± 
0.03, n = 3) and lesion rats (0.96 ± 0.02, n = 4; P = 0.16, unpaired t-test). Furthermore, 
the frequency occurrence of walking-induced change in population spike amplitude was 
not significantly different in sham (n = 3) and lesion rats (n = 4), as shown by Fisher’s 
exact test (P = 0.49). 
In sham rats, paired-pulse population spike responses (P2/P1 ratio) recorded 
during immobility were depressed except at 50-100 ms IPI (Fig. 4.8C). During walking, 
an increase in P2/P1 ratios was observed at 30 ms IPI and paired-pulse depression 
occurred at >80ms IPI. Although repeated two-way ANOVA did not show a significant 
main effect between immobility and walking (F (1,4) = 1.47, P = 0.29), a significant 
interaction effect was observed (F (6,24) = 5.15, P < 0.002). Fisher’s Least Significant 
Difference (LSD) posthoc tests showed a difference in P2/P1 ratio at 30, 80 and 100 ms 
IPI. In lesion rats, paired-pulse facilitation was observed at 50-150 ms IPI during 
immobility (Fig. 4.8D). During walking, P2/P1 ratio increased at 30 ms IPI and paired-
pulse depression occurred at >100 ms IPI. Repeated two-way ANOVA did not reveal a 
significant main effect between immobility and walking (F (1,6) = 0.22, P = 0.66), but a 
significant interaction effect was observed (F (6,36) = 3.76, P < 0.006). However, Fisher’s 
LSD posthoc tests showed a difference in P2/P1 ratio at 30 ms IPI. P2/P1 ratios between 
sham (Fig. 4.8C) and lesion (Fig. 4.8D) during immobility or walking were not 
significant different, as confirmed by a two-way ANOVA (immobility: F (1,35) = 0.68, P = 
0.41; walking: F (1,35) = 1.86, P = 0.18). 
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Fig. 4.9 Counts of choline acetyltransferase (ChAT)- and parvalbumin (Parv)-
immunopositive cells in coronal MS sections of sham and lesion rats. ChAT-
immunopositive cholinergic cells were located mostly lateral to the midline (A) while 
Parv-immunopositive GABAergic neurons were observed along the midline (C). A 
significant decrease in the number of Parv-immunopositive GABAergic neurons was 
observed in all three coronal MS sections (D) following bilateral injections of orexin-
saporin in the MS as compared to sham. However, ChAT-immunopositive cholinergic 
cells were unaffected (B). * P < 0.003: difference between lesion and sham rats at a 
particular anterior-posterior level, using paired t-tests. 
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4.3.5 Effect of orexin-saporin lesion on cells in the MS 
In lesion rats, numerous ChAT-immunopositive cholinergic cells were seen (Fig. 
4.9A), mostly lateral to the midline while a decrease in Parv-immunopositive GABAergic 
neurons in the MS were observed, normally found along the midline (Fig. 4.9C). When 
compared to sham rats, Parv-immunopositive cells numbers were significantly reduced at 
all three coronal levels (anterior: 63 ± 3 vs 19 ± 3; middle: 68 ± 7 vs 16 ± 6; posterior: 62 
± 8 vs 9 ± 2; at least P < 0.003, paired t-tests; Fig. 4.9D), while the number of ChAT-
immunopostitive cells remained about the same (at least P > 0.3, paired t-tests; Fig. 
4.9B). 
 
4.4 Discussion 
 
The present study showed that orexin-saporin lesion of septal GABAergic 
neurons decreased various PNO-modulated but not the baseline (no PNO stimulation) 
neural activities in the DG. In anesthetized control rats, PNO stimulation as compared to 
baseline induced a hippocampal theta rhythm, increased single-pulse population spike 
amplitude (P1), spontaneous granule cell activity and paired-pulse depression of 
population spikes at 80-200 ms IPI. Orexin-saporin lesion rats as compared to control rats 
showed a decrease in PNO-induced theta peak power and paired-pulse depression of 
population spikes, and an abolition of PNO-induced enhancement of P1. Moreover, PNO-
induced spontaneous granule cell activity decreased while PNO-induced spontaneous 
interneuronal activity increased in lesion rats. This is the first report investigating the role 
of septal GABAergic neurons on hippocampal unit activity in vivo.  
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4.4.1 Orexin-saporin lesion attenuates PNO-induced theta 
In this study, intraseptal infusion of orexin-saporin led to a marked decrease in 
Parv-immunopositive GABAergic neurons but not ChAT-immunopositive cholinergic 
neurons, as first reported by Smith and Pang (2005). I found that the hippocampal theta 
induced by PNO stimulation under urethane anesthesia was lower in peak power but 
similar in peak frequency in lesion as compared to control rats. The latter result is also 
consistent with previous differential lesion of GABAergic septal neurons by excitotoxin 
kainic acid (Malthe-Sorenssen et al., 1980; Pang et al., 2001; Yoder and Pang, 2005), 
which resulted in a theta rhythm of lower peak amplitude but similar peak frequency as 
control rats under urethane anesthesia (Yoder and Pang, 2005). These results demonstrate 
that septal GABAergic neurons participate in hippocampal theta generation under 
urethane anesthesia.  
In behaving rats, I showed no difference in peak power and frequency of the theta 
rhythm during walking between orexin-saporin lesion and control rats. This contrasts 
with a reduction of the theta peak amplitude during walking after lesion of septal 
GABAergic neurons with kainic acid (Yoder and Pang, 2005). Potential damage of septal 
glutamatergic neurons by kainic acid was not examined (Yoder and Pang, 2005) and may 
contribute to lower theta power during walking.  
In the present study, walking-induced theta survived orexin-saporin treatment 
(100 ng/µl) which preferentially destroys GABAergic cells. Theta was abolished only 
when both GABAergic and cholinergic neurons were destroyed, for example when a 
higher concentration (200 ng/µl) of orexin-saporin was administered (Gerashchenko et 
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al., 2001) or following electrolytic lesion of the medial septum (Green and Arduini, 1954; 
Winson, 1978; Leung, 1987). It is likely that both septal GABAergic and cholinergic 
inputs to the hippocampus are important for theta generation, supported by recent studies 
demonstrating that pacing of theta is mediated by GABAergic neurons (Borhegyi et al., 
2004; Varga et al., 2008; Hangya et al., 2009) while putative cholinergic neurons 
increases theta power (Zhang et al., 2011). 
 
4.4.2 Orexin-saporin lesion blocks PNO-induced population spike 
facilitation 
The present study demonstrated that PNO stimulation facilitated the DG 
population spike evoked by a MPP pulse, and that this facilitation required septal 
GABAergic neurons. Although previous studies showed that population spike facilitation 
is not mediated by muscarinic receptors (Fantie and Goddard, 1982), the participation of 
other septal neurons has not been shown. A GABA-mediated effect was suggested when 
hippocampal infusion of GABAA receptor antagonist picrotoxin eliminated facilitation 
(Bilkey and Goddard, 1985), but GABAergic contribution from the MS or within the 
hippocampus was not addressed. I showed that orexin-saporin lesion of septal 
GABAergic neurons blocked the PNO-induced population spike facilitation in the DG. 
Population spike facilitation in the DG of control rats is likely a result of disinhibition of 
granule cells due to inhibition of interneurons by septal GABAergic neurons following 
PNO stimulation.  
In this study, no behavior-mediated changes in population spike amplitude 
between walking and immobility were observed which is consistent with previous studies 
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(Green et al., 1993; Hargreaves et al., 1990). However, population spike amplitude was 
smaller during walking as compared to during drinking or grooming (Buzsaki et al., 
1981). In addition, transient increases in population spike amplitude can occur following 
novelty-related changes such as transitions between environments (Sharp et al., 1989; 
Green et al., 1990). Therefore, mechanisms other than septal GABAergic disinhibition 
are likely involved. 
 
4.4.3 Orexin-saporin lesion blocks changes in paired-pulse population 
spike response 
The present study demonstrated a significant decrease in paired-pulse population 
spike ratio (P2/P1) following PNO stimulation as compared to baseline in control rats at 
80-200 ms IPI, but not in orexin-saporin lesion rats. Similarly, in behaving sham rats, a 
suppression of paired-pulse facilitation (PPF) during walking as compared to immobility 
was observed at 80-100 ms IPI, but not in orexin-saporin lesion rats. My results 
correspond to a study in anesthetized mice whereby septal activation by MS pulse 
stimulation reduced PPF at 60-80 ms IPI (Sanchez-Alavez et al., 2002), suggesting a 
decrease in P2 amplitude due to a stronger interneuronal activation following septal 
stimulation. I further suggest that septal stimulation may involve septohippocampal 
GABAergic neurons acting possibly on GABAergic interneuronal circuits in the DG. 
Paired-pulse stimulation in the DG results in a typical triphasic 
depression/facilitation/depression response curve (Lomo, 1971; Racine and Milgram, 
1983; Robinson and Racine, 1986). The early depression, lasting for about 30 ms, results 
from GABAA mediated recurrent inhibition (Adamec et al., 1981; Tuff et al., 1993). This 
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is followed by a facilitation phase that has been suggested to be mediated by NMDA-
receptors on granule cells (Joy and Albertson, 1993). The mechanism underlying the late 
depression phase is yet to be fully elucidated. Total blockade of GABAB receptors by 
local injection of GABAB antagonist CGP35348 abolished paired-pulse depression at 
200-1000 ms and reduced PPF at 50-70 ms (Canning and Leung, 2000), and increased 
paired-pulse depression at 50-400 ms in rats with early-life seizures (Tsai et al., 2008). 
The reduction of PPF at <100 ms is likely mediated by GABAergic neuronal circuits 
acting on GABAA receptors, and these GABAergic neurons are more active after GABAB 
receptor blockade or following PNO/septal stimulation of septohippocampal GABAergic 
neurons. The suppression of PPF at 80–200 ms following PNO stimulation or during 
walking may be mediated by the same GABAergic neuronal network in the DG, with the 
long-latency paired-pulse depression mediated by GABAB receptors on granule cells. 
The firing of DG neurons initiated by a conditioning pulse is expected to excite an 
extensive network of heterogeneous interneurons (reviewed in Freund and Buzsaki, 
1996), which include cells (e.g., basket cells, axo-axonic cells) that project to the cell 
bodies or axon initial segments of granule cells (Scharfman et al., 1990) and interneuron 
(e.g., molecular layer perforant path-associated cells) whose axons terminate on the 
granule cells dendrites (Leranth et al., 1990; Halasy and Somogyi, 1993). The former 
attenuates population spike amplitude evoked by the test-pulse (P2), while the latter 
inhibits fEPSP slope (E2) of the test pulse (Moser, 1996). Since the present study 
reported that P2/P1 decreased but no E2/E1 change occurred following PNO stimulation 
in control rats, PNO stimulation is suggested to affect hippocampal interneurons that 
synapse on the cell bodies instead of the dendrites of granule cells.  
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4.4.4 Orexin-saporin lesion results in changes in single unit activity 
The lack of PNO-induced increase in granule cell activity in orexin-saporin lesion 
rats compared to control rats suggest that one function of septal GABAergic cells in 
normal rats is to enhance granule cell activity, perhaps by inhibition of hippocampal 
interneurons (Freund and Antal, 1988). The same septohippocampal GABAergic neuron-
mediated disinhibition of granule cells also accounts for P1 facilitation following PNO 
stimulation in control rats but not in lesion rats. At first glance, my evoked unit data does 
not seem to support this because no difference in granule cell activity during conditioning 
pulse was found in sham rats between baseline (no PNO) and PNO stimulation. However, 
granule cell activity during the conditioning pulse was significantly attenuated with or 
without PNO stimulation in orexin-saporin lesion rats as compared to sham rats. In 
addition, in the absence of PNO stimulation, the probability of granule cell activation 
with respect to stimulus intensity in orexin-saporin lesion rats was significantly lower 
than that in sham rats. Furthermore, when spontaneous unit activities were analyzed in 
the time window (40 ms) between the end of PNO stimulation and the conditioning pulse, 
granule cells in sham rats were more active following PNO stimulation than during 
baseline, but no change was observed in orexin-saporin lesion rats. It is possible that due 
to the lack of disinhibition from septal GABAergic cells in orexin-saporin lesion rats, 
granule cells are less likely to be activated. Therefore, my results suggest the loss of 
septal GABAergic neurons leads to a reduction in granule cell activity. Disinhibition of 
hippocampal pyramidal cells (Toth et al., 1997) has been shown, but I am not aware of 
reports of disinhibition of granule cells in the literature. 
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Previous studies demonstrated an increase in spontaneous activity of hippocampal 
interneurons during theta activity (Ranck, 1973; O’Keefe, 1976; Buzsaki and Eidelberg, 
1983). This is consistent with a trend of increased spontaneous interneuronal activity 
following PNO stimulation in sham rats. In addition, there was a significant increase 
spontaneous interneuronal activity following PNO stimulation in orexin-saporin lesion 
rats, as compared to baseline, suggesting that the loss of septal GABAergic inhibition of 
interneurons increases interneuronal inhibitory tone. Although a decrease in P2/P1 ratio 
generally indicates greater inhibition from interneurons which leads to attenuation of test 
spike, interneuronal activity evoked by the test pulse decreased in orexin-saporin lesion 
rats following PNO stimulation, as compared to baseline. It is likely that interneurons that 
target interneurons (Acsady et al., 1996) are recruited later during theta, thereby lowering 
interneuronal activity.  
 
4.4.5 Conclusion 
Septal GABAergic neurons participate in theta generation under urethane 
anesthesia and are responsible for DG population spike facilitation following septal 
activation. Septal GABAergic disinhibition increased interneuronal inhibition as 
demonstrated by the suppression of paired-pulse facilitation in control rats, as compared 
to orexin-saporin lesion rats. With the loss of disinhibition from septal GABAergic cells 
in orexin-saporin lesion rats, tonic interneuronal inhibition is increased and granule cells 
are less likely to be activated. This is the first report investigating the role of septal 
GABAergic neurons on dentate unit activity in which septal GABAergic disinhibition of 
granule cells was demonstrated. I provide results suggesting that septal GABAergic 
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neurons can help regulate granule cell excitability by reducing inhibitory tone of the 
interneurons. In animals, orexin-saporin lesion of septal GABAergic neurons has been 
shown to impair hippocampal-dependent spatial reference memory in the Morris water 
maze (Smith and Pang, 2005; LeCourtier et al., 2010). In humans, the decrease in cortical 
GABAergic tone, which is suppressed by GABAergic neurons through the basal 
forebrain corticopetal system, is correlated with the severity of depression, a symptom of 
Alzheimer’s disease (Garcia-Alloza et al., 2006). In addition, synthesis of beta-amyloid 
precursor protein which forms characteristic plaques in Alzheimer’s disease is triggered 
by an increased septal GABAergic tone and a benzodiazepine receptor antagonist was 
found to be neuroprotective (Marczynski et al., 1995). It is likely that a certain level of 
septal GABAergic inhibition is required for normal brain function. Development of 
procedures targeting septal GABAergic function may offer a new way to approach this 
neurodegenerative disease. 
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Chapter 5 
      General Discussion 
 
5.1 Introduction 
In this thesis, I investigated the effects of selective lesion of septohippocampal 
cholinergic and GABAergic neurons on theta rhythm, synaptic plasticity, population and 
unit activity in the hippocampus of urethane-anesthetized and freely behaving rats. 
Lesion of cholinergic and GABAergic neurons were carried out by intraseptal infusion of 
192 IgG-saporin and orexin-saporin respectively.  
In Chapters 2 and 3, I focused on the role of cholinergic septohippocampal cells 
in theta rhythm and synaptic plasticity in hippocampal CA1 during vestibular stimulation 
of behaving rats. Specifically, in Chapter 2, I showed that vestibular stimulation by 
passive whole body rotation induced an atropine-sensitive theta rhythm in the 
hippocampus. The rotation-induced theta was attenuated after systemic cholinergic 
blockade with atropine sulfate, septal 192 IgG-saporin lesion or bilateral vestibular lesion 
with sodium arsanilate. Modulation of field excitatory postsynaptic potentials (fEPSPs), 
observed during rotation as compared to during immobility, was sensitive to muscarinic 
cholinergic blockade and septal 192 IgG-saporin lesion. In Chapter 3, I provided original 
results that rotation enhanced hippocampal basal-dendritic LTP. LTP was facilitated 
when tetanus was delivered during rotation as compared to during immobility. Systemic 
muscarinic cholinergic blockade by atropine sulfate or septal 192 IgG-saporin lesion 
abolished the enhancement of LTP.  
176 
 
In Chapter 4, I investigated the effects of septal orexin-saporin lesion on 
population and unit activity in the hippocampal DG of anesthetized and behaving rats. I 
showed that septal orexin-saporin lesioned GABAergic neurons, attenuated pontis 
nucleus oralis (PNO)-induced theta and blocked PNO-induced population spike 
facilitation. Orexin-saporin lesion also blocked paired-pulse depression of population 
spikes observed in anesthetized rats following PNO stimulation and in behaving rats 
during walking. Moreover, PNO-induced spontaneous granule cell activity decreased 
while PNO-induced spontaneous interneuronal activity increased in orexin-saporin lesion 
rats. 
As specific results were discussed earlier (Chapter 2-4), only the general 
associations of the results will be discussed in this chapter. 
 
5.2 Advantages and limitations of immunotoxin lesions 
Immunolesioning is a powerful technique used in the study of nervous system 
function, brain-related diseases and disorders. As opposed to non-specific electrolytic 
lesion and surgical transection of fibers, immunotoxins can selectively destroy a target 
neuronal population as long as it expresses a specific cell surface marker. An 
immunotoxin is made by conjugating an antibody or protein that binds to a cell surface 
molecule with a ribosome-inactivating toxin saporin. Once injected, the immunotoxin 
attaches to its target receptor and is internalized. The bond between saporin and the 
targeting agent is broken intracellularly. Saporin inactivates the ribosome, inhibiting 
protein synthesis which results in cell death. Cells which do not express the target 
receptor will be spared. Pilot experiments are necessary to determine the optimal dose, 
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injection site and volume of injection to achieve the desired lesion. Although loss of 
neuronal function may be observed 2-7 days after injection, a delay of up to 2 weeks is 
required for complete dissolution of the targeted population (Wiley, 2001). 
 
5.2.1 192 IgG-saporin lesion of septal cholinergic neurons 
In my studies (Chapters 2 and 3), 192 IgG-saporin, a conjugate of the monoclonal 
p75 receptor antibody 192 IgG and saporin, was infused into the MS. Since cholinergic 
neurons are the only cells in the MS that express p75 receptor, 192 IgG-saporin destroys 
cholinergic neurons without affecting non-cholinergic cells (Wiley et al., 1991; Wrenn 
and Wiley, 1998). Septal 192 IgG-saporin lesion effectively eliminated 80-83 % of 
cholinergic ChAT-immunopositive cells, sparing GABAergic Parv-immunopositive cells.  
Septal 192 IgG-saporin lesion attenuated rotation-induced theta (Chapter 2) which 
is consistent with previous studies (Lee et al., 1994; Bassant et al., 1995; Gerashchenko et 
al., 2001). Others have reported no or mild deficits in learning and memory following 
192 IgG-saporin lesion, despite a marked loss of ChAT-immunopositive neurons and 
significant reduction in other markers of cholinergic function (i.e. AChE) in the 
hippocampus (Berger-Sweeney et al., 1994; Baxter et al., 1995; Pang and Nocera, 1999). 
Since it is possible that incomplete lesions can occur, some researchers suggest that a 
threshold level of damage (≥ 75%) must be achieved before impairments become 
apparent (Leanza et al., 1995; Wrenn and Wiley, 1998). In addition, compensatory 
mechanisms which include sprouting of the remaining acetylcholine terminals, up-
regulation of synthesis and storage of acetylcholine may also account for the lack of 
effect (Lapchak et al., 1991; Chang and Gold, 2004). These mechanisms may be 
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responsible for the residual acetylcholine release in the hippocampus that is estimated to 
remain at 30-40% of control levels (Dornan et al., 1996; McMahan et al., 1997; Chang 
and Gold, 2004). 
 
5.2.2 Orexin-saporin lesion of septal GABAergic neurons 
Orexin-saporin is a conjugate of orexin-2 receptor binding ligand and saporin. 
Although orexin-2 receptors are expressed on most septal cells (Berchtold et al., 2002; 
Wu et al., 2002), intraseptal infusion of orexin-saporin lesion (100 ng/µl) successfully 
eradicated ~77% of GABAergic Parv-immunopositive cells without damaging 
cholinergic ChAT-immunopositive cells (Chapter 4). Walking-induced theta remained 
unchanged whereas PNO-induced theta was attenuated following septal orexin-saporin 
lesion. Theta is abolished (Gerashchenko et al., 2001) and spatial memory in the Morris 
water maze is impaired (Smith and Pang, 2005) when both septal GABAergic and 
cholinergic neurons are destroyed by a higher concentration (200 ng/µl) of orexin-
saporin. However, no studies have been conducted to evaluate the relative distribution of 
orexin-2 receptors, which may help explain the differential susceptibility between 
GABAergic and cholinergic neurons. 
 
5.2.3 Septal glutamatergic neurons 
Before the discovery of septohippocampal glutamatergic neurons (Manns et al., 
2003; Sotty et al, 2003; Colom et al., 2005), cholinergic cells represented roughly two 
thirds (~65%) of the total septohippocampal projecting neurons while GABAergic cells 
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made up the remaining one third (Kohler et al., 1984; Amaral and Kurz, 1985; Freund 
and Antal, 1988; Kiss et al., 1990). At present, septal glutamatergic neurons are estimated 
to form ~23% of the septohippocampal projection (Colom et al., 2005), but the relative 
percentages of the remaining two cell types remain to be established. Septal 
glutamatergic neurons have been shown to burst in relation to hippocampal theta (Huh et 
al., 2010), however, the question of whether glutamatergic septal neurons are damaged by 
192 IgG-saporin or orexin-saporin lesions has not been addressed in literature. 
 
5.3 Significance of studies 
Alzheimer’s disease (AD) is an irreversible and progressive neurodegenerative 
disease that slowly destroys memory and thinking skills, and eventually the ability to 
carry out the simplest tasks. In 2010, half a million Canadians had AD or a related 
dementia and it cost Canadians $15 billion a year. Approximately 1 in 11 Canadians over 
the age of 65 has AD or a related dementia (Alzheimer Society of Canada, 2010). AD is 
the leading form of dementia. Hence, there is a great need to develop ways to delay its 
onset, retard its progress, and prevent and treat the disease.  
In this thesis, I provided original results that vestibular stimulation by rotation 
activates a cholinergic input from the medial septum to the hippocampus, mediating 
synaptic modulation, an atropine-sensitive theta rhythm and enhancement of LTP in 
hippocampal CA1 of behaving rats. Therefore, activation of the vestibular system is a 
good model to investigate septohippocampal cholinergic activation in behaving rats. 
Septohippocampal cholinergic input may participate in sensorimotor processing whereby 
activation of the vestibular system may serve as a sensory signal to assist in motor 
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planning (Bland and Oddie, 2001). In addition, atropine-sensitive theta induced during 
vestibular stimulation may represent the cholinergic activation that is necessary for 
formation of spatial memory (Givens and Olton, 1995; Hasselmo, 2006; Roland et al., 
2008). Previous studies have demonstrated that vestibular stimulation by caloric and 
galvanic vestibular stimulation can improve cognition (reviewed in Smith et al., 2010a, 
2010b; Utz et al., 2010). Hippocampal-dependent cognitive abilities are greatly 
compromised in patients suffering from AD, and degeneration of cholinergic neurons in 
the basal forebrain is a pathological hallmark of this disease (Bartus et al., 1982; Francis 
et al., 1999; Wenk, 2006). Therefore, vestibular stimulation provides a physiological 
method to activate septohippocampal cholinergic neurons which may ameliorate some of 
the hippocampal-dependent cognitive deficits due to cholinergic dysfunction in AD. 
In addition, I presented evidence showing that septal GABAergic neurons 
participate in theta generation and are responsible for the population spike facilitation in 
the DG following septal activation under urethane anesthesia. Septal GABAergic 
disinhibition increased interneuronal inhibition as demonstrated by the suppression of 
paired-pulse facilitation in anesthetized and behaving rats. This is the first report 
investigating the role of septal GABAergic neurons on dentate unit activity in which 
septal GABAergic disinhibition of granule cells was demonstrated. Following PNO 
stimulation, an increase in spontaneous granule cell activity was observed in sham-lesion 
rats, but not in orexin-saporin lesion rats. My results suggest that septal GABAergic 
neurons regulate granule cell excitability by reducing inhibitory tone of the interneurons. 
In animals, orexin-saporin lesion of septal GABAergic neurons has been shown to impair 
hippocampal-dependent spatial reference memory in the Morris water maze (Smith and 
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Pang, 2005; LeCourtier et al., 2010). In humans, the decrease in cortical GABAergic 
tone, which is suppressed by GABAergic neurons through the basal forebrain corticopetal 
system, is correlated with the severity of depression, a symptom of Alzheimer’s disease 
(Garcia-Alloza et al., 2006). In addition, synthesis of beta-amyloid precursor protein 
which forms characteristic plaques in AD is triggered by an increased septal GABAergic 
tone and a GABAA receptor antagonist was found to be neuroprotective (Marczynski et 
al., 1995). Development of procedures targeting septal GABAergic function may offer a 
new way to approach this neurodegenerative disease. 
 
5.4 Further studies 
 While this thesis has advanced the understanding of the septal cholinergic and 
GABAergic neurons in hippocampal function, several experiments may further extend 
my findings are reported below. 
1. The role of septal GABAergic neurons in the activation of vestibular system is 
currently unknown. My studies (Chapters 2 and 3) demonstrated that rotation 
activates a septal cholinergic input to the hippocampus. Whether septal 
GABAergic neurons are also involved will require further investigation.  
 
2. The role of septal cholinergic neurons on hippocampal single unit activity has yet 
to be explored. Although muscarinic antagonists blocked PNO-induced 
modulation of excitatory sink and population spike in hippocampal CA1 of 
anesthetized rats (Leung and Peloquin, 2010), no studies relating to single unit 
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activity were carried out. It will be interesting to study the effects of 192 IgG-
saporin lesion on hippocampal single unit activity.    
 
3. At present, there are no studies looking at the damage of glutamatergic neurons 
following intraseptal infusion of immunotoxins. Immunostaining for a vesicular 
transporter of glutamate VGLUT2 shall be performed to evaluate possible damage 
of glutamatergic neurons following septal immunotoxin lesion of cholinergic or 
GABAergic neurons. 
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